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SUMMARY

This four-part report deals with the metals niobium, molybdenum,

tantalum and tungsten. The first part deseribes (a) physical properties,

(b) mechanical e¢haracteristics at various temperatures (unalloyed
metal and main alloys) and (¢) oxidation behaviour. Reéference is also
made t6 the preblems of protective coatings, joining and fabrication.

Following on the examination of the preseat staté of knowledge,
the sécond part of the report makes recommendations for research and
developmént and stresses the need for basic research, for production
development and for research to devélop néw alloys.

Since bhasic research appears to be essential for progress in
regard to refractory metals and their alloys, the third part of the
report makes a detailed study of the state of knowledge of each of
the metals in regard to phasé diagrams, impurities (determination
and effects), diffusion couples, behaviour at high temperature under
exposure to different gases, and protective coatings.

The fourth section contains a bibliography of the studies of four
metals and their alloys.

669.018, 45
2a3blb
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SOMMAIRE

ium, molybdéne, tantale, tungstéme, 1a
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problémes relatifs au soudage et a la fabrication.

Pour les quatre métaux: niob:
premidre partie di decument men

De 1’ examen de la situation actuelle pour ¢es guatre métaux la
deuxiéme partie propose des recommandations pour les recherches et
développements, insistant plus particuliérement sur les sujets de
recherches de base, de développement de la production et de la recherche
de nouveaux alliages.

Les recherches de basé apparaissant comme 1'élément essentiel pour
les progrés futurs des alliages réfractaires, 1’'état des connaissances
actuelles est développé dans une troisiéme partie en examinant
successivement: les diagrammes de phase, les impuretés (effets et
analyses), les couples de diffusien, le comportement 3 haute tempéra-

o ceeld A
ture dans difféerents milieux gazeux, les revetements protecteurs.

Enfin, umne quatridme partie comporte une sélection de références
concernant 1’ensemble des connaissances sur les métaux réfractaires
et leurs alliages.

669. 018, 45
2a3blb
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INTRODUCTION

Because of the increasing demand in aeronautical engineering for materials to
operate at elevated temperatures, metals with a high melting point, such as niobium,
molybdemim, tantalum and tungsten, and their alleys, are of special interest. Because
of their generally recognised importance and the major efforts (both in research and
development)y which are still needed to make them available as production materials; the
Structures and Materials Panel of AGARD has chosen the subject of Refractory Metals as
first priority for international cooperative reséarch and develepment.

This document has been prepared with the aim of assisting the formulation and
developméent 6f common programs and consists of four parts, as follows:

Part T General simmary of the state of the art of refractory metals and their alleys.

Part 11 Recommendations for research and development, covering the follewing 6 main
items:=

1. Alley Development. Methods for the production of mew refractory alloys
2. Coatings. Examination of the applicatioh of suitable coatings

3, Production Development. Methods of improving the productien of high=
quality mill products

4. Joining

5, Basic Research. The main items are:-

5.1 Phase diagrams

5.2 Diffusien couples

5.3 Impurity effects

5.4 New fabrication techniques
5.5 Oxidation studies

6. Design Data. Main properties and characteristics required by designers.

After a detailed examination of the above recommendations, the Panel decided that
their first cooperative program should cover the following five points:-

Production Development. A program based on the requirements and capacity
available in each country has been prepared.

Phase Diagrams. A list of the phase diagrams which need study has been
drawn up.

Diffusion Couples. A list of the diffusion couples recommended for
consideration has been prepared.

vii



Impurity Effects. A program for the exchange of samples betwéen analytical
laboratories in each country to determine the most suitable methods of analysis
fof impurities has been undertaken by a number of NATO countries.

e

Oxidation Studies. A detailed program for cooperative research on
deterioration due te gases is being prepared, in collaboratioh with experts
from each country.

Part IIT Basi¢c research, giving, for each metal, the present state of khiowledge from
all the papers published (up to Ist February 1960), on the following
Subjects: =

Phase diagrams

Impurities (effects and amnalysis)

Diffusion

Behaviour in gaseous envirohment at elevated temperature

Part IV Applied research and developmefit, with 1iterature reféerences and a short
summary of the most important papefs (ip to 1st February 1960), on the
following subjects: -

General information

Mineral resources

Sintéring, melting, fabricatioh
Physical properties

Mechanical properties (unalloyed metal)
Mechanical properties (alloys)

Joining

Miscellaneous.

It is felt that the referemces given in Parts III and IV are essential for the basic
knowledge of all research or techmical workers participating in the different stages
of current or future programs,

R. SYRE
25th July 1960



INTRODUCTION

Du fait des besoins toujours plis pmessmnts‘de‘l"Aémonaumiqﬂ@‘en»ma@éf:aum résistant
aux températures élevées, les métaux possédant une température de fusion élevée, tels
que Nb, Mo, Ta, W, et évidemment leurs alliages, représentent ume position tout & fait
particul iere. Du fait de leuwr importance universellement recofimwe, et Je leur haute
priorité, du fait également des efforts considérables (dams la recherche comme dans le
développement) qui sont encore nécessaires pour les mettre au point, le Pamel des
Matériaiux & Structures a choisi ce sujet des Métaux Réfractaires comme objectif n® 1
pour ‘intermational cooperative research and development’ .

~ =

I T S S S T Gy SUSTIE S PP
Le présent document a été établi dans le but @ aider & 1° établissement et aw
développement des programmes communs. A cet effet, il compoerte:

< N

I Une premiére partie exposant 1*état actuel des conhaissances des métaux réfractaires
et de leurs alliages.

II Une deuxiéme partie présentant les recommandations dans les domaines de la recherche
et du développement, divisée en € points primcipaux:

1. Développement des alliages, indiquant les voies dans lesguelles on peut
8’ orienter pour 1'obtention de mouveawx all iages refractaires;

2. Couches protectrices, examinant comment assurer la réal isation de couches
convenabl es;

3. Mise au point des procédés de production. Des perfectionmements sont nécessaires
aux procédés de production de preduits laminés de haute qualité, et il est
recommandé o établir un programme pour 1' étude de pideces forgéés et de tdles en
métaux réfractaires;

4. Soudage, gui est également un probl&me essentiel dans 1’utilisation de ces
métaux;

5. Etudes fondamentales donmt les points primcipaux sont:

5.1 Diagrammes d'équilibre

5.2 FEtudes sur la diffusion

5.3 Influence des impumetés‘et analyse
5.4 Nouvelles méthodes de transformation
5.5 Etudes de 1’ oxydation

déterminer pour 1’ usage des constructeurs.

Aprés un examen détaillé de ces differentes recommandations, le Panel a décidé
de faire porter les premiers efforts de Programmes Coopératifs sur 5 points:

Mise au point des procédés de production: un programme de travaux basé sur les
besoins exprimés et sur les possibilités de chaque pays a été établi,

Diagrammes d’équilibre: une liste des diagrammes d’ équilibre qu’ il est souhajitable
de voir étudier a été préparée.

été établie.



Influence des impuretés: un programme comprenant 1’ échange d' échantillohs
entre les laboratoires d' anmalyse des différentspays dans le but de savoir les
procédés & analyse les plus aptes & la détermination des impuretés a été entrepris
par un certain nombre des pays OTAN.

Etudes de 1’oxydation: un programme détailleé pour une étude coopérative des
détériorations dues aux gaz est en préparation avec 1’ aide des principaux experts
des différents pays.

[ Une troisiéme partie relative aux études fondamehtales indiquant, pour chacun des
métaux, 1’état des connaissances & aprés toutes lés publications faites jusqy au
1er février 1960, sur les sSujets suivants:

= diagrammes 4’ éguilibre
= impuretés (influence - analyse)
= diffusion

/. . J / .
- reaction en milieu gazeux a haute temperature
= couches proteetrices.

IV Une quatridme paftie relative aux applications et développements, indiquant toutes
PN NFY B PR L 7. S e
1és références connues au ler février 1960 (avec un court résumé pour 1es plus
importantes), correspondant a:

- généralités

- ressources minérales

- procédés de production et purification

- frittage - fusiom - transformation

- propriétés physigues

- caractéristiques mécaniques (métal mom allié)
- caractéristiques mécaniques (alliages)

- soudage

- divers

Nous avons pensé en effet que les références données dans les parties III et IV
~

sont essentielles & connattre pour tous les chercheurs et techniciens amenés a
participer aux différentes phases des programmes déjé entrepris ou futurs.

R. SYRE
25 juillet 1960



NIOBIUM

PART I

TRE STATE OF THE ART

NTOBTUM

1. PHYSICAL PROPERTIES
(a) Density 8.66 g/cm®, .31 1b/ in?
{b) Melting Point 2468°C, 4475°F

(¢) Specific Heat 0.064 cal/g°C at 0°, increasing linearly to
0. 157 at 600°C

(d) Thermal Conduetivity @.125 cal/em sec °C at 0°C, inéreasing
linearly to 0.157 at 600°C

(e) Mean Coefficient of Thérmal 7.6 x10°¢/°C at 93°C, increasing 1inearly
Expansion to 7.9-8.1 x 10~ ¢ at 1090°C

(f) Crystal Structure Body-centered cubie
{g) Thermal Neutren Croess Section 1.1 barns per atem

(h) Emissivity 0.37 at a mean wavelength of 6500‘3

2. MECHANICAL PROPERTIES
2.1 Unalloyed Niobium

2.1.1 Static Tensile Strength (in kg/mm?)

il ) “ |‘7 T 7‘ (|
| l‘ﬂoam Tbmperaturelgsomﬂc’*970@Ci‘LGS@“C?IIZGGQC@

| N 2 |

Ultimate stress (annealed) ( 2to42 | 20| 18| 11,5 7
\1 i ] |

| 0.2% offset yield stress (annealedm\ 17.5 to 35 | 9 | 8 I 6.5 -

| Elongation (annealed) (%) 20t3 | 25 | 38| 43 | 45 |

The recrystallized annealed metal possesses the highest ductility.

The level of strength depends on insterstitial elements, processing variables and the
amount of cold work,



NIOBTUM
2.14.2 Influence of Impurities (Oxygen = Nitrogen)

(&) Effect on the metal properties at 20°C (annealed metal)*:

|
- Ultimate Tensile | E longation
| Stress. (kg/mm?) (per cent)

Oxygen ] Limit of
NS \ Pfapvrtionadity
| (per cent) (kg/mn?)

| 0,03 21 | 29 ; 29
| 0.6 42 | 56 17
0.20 | 49 | 63 17
9,28 | 56 ‘ 70 | 20
| 0,32 69 [ 95 : 20
| o, 37 | 74 T 95 10
| eea 6 | 91 | 9

— = —

{b) Effect on the metal propérties at high temperatiures (ahnealed metal)

Ultimate strenmgth (kg/mm?)

[ !
300 30 ‘ 45 62 ‘ |
500 28 | 3 35 | 38 | 40 | 43 | 48

| Temperature ‘ o Oxygen (per cent) S y
°C) | 0.02 ){ 0.04 | 0.06 | 0.08 | 0.10 | 0.12 ; 0.14 f;

(¢) Hardness at 20°C (annealed metal)?t

— i i | : o C T 1 ° \ j ,
| 9 [ 0.02 | 0.63 | 0.05 | 0.1 | 0,2 | 6.3 | 0.6 | 0.75
‘ T : ‘ 1 ‘ 1 1 ‘
W | 60 | 87 | 100 | 160 | 200 | 240 | 300 | 350
| 0, + N, | 0.07 | 0.5 | 1
i | I
W | 0 [ 250 | 300 |

The recrystallization temperature depends on the amount of cold-working, as follows:-

Amount of Cold-working (%) Recrystallization Temperature (°C)
20 1260 - 1370
50 1090 = 1200
85 1000 - 1150




NIOBIUM

2.4.3 Creep

} - Stress Rupture Strength of

[ Temperature Recrystallized Nb (in kg/mm?)y

| | for lives of;= |

i . . B T *, = 7‘ - . = . 7 = V\

| OF ° | @thr |} 1hr | 100 hr

e A R | |

: I ' ‘ ,

| 1600 870 | - - [: 6
1800 QBGW 13 -21 | 12 - 18 ’ 12

| 2000 1090 | 8 - 14 o | 9

2200 1200f 9 ST T B
2300 1260 1 , - | -

Creep Strength
A Stress of 12 kg/mm? gives, at 1800°F (980°C), a creep elongation of 1% in one
hour and 2% in feur hours (on Nb cold-worked).
2.2 Alloys
9.2.1 Designations

A certain number of alloys are already at an advanced stage of development in the
United States; a general list is given below.

‘ [ Tempe-
| | rature
’ ) Stress-Rupture | 8€TYS®
No. Composition (%) Ultimate Tensile Strength (kg/mm?) Strength (kg/nm?) ta “ i-
‘ fas extruded) for 10 hr, life zatton
" (50 % |
— T - ‘ tn thr)
Mo w| Ta |Ti| zr [ v]c| Room |1090°C [1200°C] 1320°C] 1430°C 1090°¢| 1200°c|1260°C| °C !
| General f[F 48| 5|15 ‘ 1[ Ixfroe | a6 | 20 [ 21 [ || | 1375
|Electric (F 50| 5{15| | 5) 1/ Ix{8s | 35 I IR ‘
T I | I ) ]
: | ‘ ‘
fs 80 | lo.7s] |x|33+ r ‘ ‘ 17 | |
Fanstell {5 82 32,5 Jo.7s| |x|39 2| 15 ) 8 16 |
tsea| (533 | 1] [x{77eeer| 32 | 25 | ‘ | ‘ [ 1
‘ [ Il ‘ ! | { ‘
, D 31 10 {0 || e | 25 | 18 14 | 8 | 6 | 3
DuPont 1p 41| 6j20f [10] | | |oxee 33 | 8 1320
i ] § \ | i
o7 | |28 |1 | w2 | 29 { ‘ | 13
[Union  jCb 16/ 20{ 10 h3f | 36 | 18 | I g
Carbide || Cb 65 | 1 | 7fe.8] [x |l 16 11 ; | ‘
Lcb 74 |10 U5 | 163%= 26 | 21 ! j ] 13 1320
I | . | | \ ' 1 | i | ! | i |
|Westing=[Nc155} 51 | | | |5 |67 | 28 ° ‘ ‘ ’ I \
(house  |Nc18t| 5| {1 [sfx| { 39 1 | ; ‘ \ ‘
x Present in small amounts * Elongation 22 % as extruded !
+ Annealed . . 7 % . |
| soie . 8% »
cane 1) 15 % L] |

:39



NIOBIUM
2.2.2 Creep Strength

Further data on allcy Du Pont D 31 are giveh below:

Temperature | _Stress (kg/mm?) L;Z@@e«{@f) to Produce_
| F ¢ f, - f%ﬁ?%’??f&ﬂ,,[,yg%JEEf‘ |
2300 1260 | 1 .08 | 0.167 |
| 2300 1260 | 4 0.2 s |
; 2600 1425 | 7 : 0025 : @, 04
| 2600 1425 1 4 L 0,125 b 0:25

It should be noted that although the primary fabrication ef the unalloyed niebium
is easy and is cold-worked gémerally, very high temperatures (1200 te 1700°C) and
special technigues must be used for the alleéys.

2.3 Modulus of Elasticity : 10,500 to 11,200 kg/mm2

Effect of temperatufe at léast to 820°C and effect of alloying is small,

2.4 Transition Temperature

2.4.1 For the unalloyed annealéd metal of average purity (for instance, ¢:0,01%,
@2: 0,01%, N,:0.02%, Fe:0,08%, Ta:0.2%), the ductile-to-brittle transition tempera-
ture is less than -196°C, It is increased by ¢oarse grain and the amount of inter-
stitial elements.

2.4,2 The conditions under which alloys are fabricated play a very important part,
As an example, the values of the transition temperatures for alley D 31 are given
below (based on a tensile test):-

Cold-worked : -180°C to -130°C

Recrystallized (400 ppm interstitials) : @ to + 65°C

Recrystallized (1200 ppm interstitials) : + 200 to + 230°C

2.4.3 It should also be noted that, according to the amount of interstitial elements
(and especially oxygen), a strain-aging effect at + 150, + 180°C is observed on
unalloyed niobium,



3. OXIDATION

Oxidation Rate of Nb at Various Temperatures* in Air

li Temperature thkygen‘Pengtpaiion ; Entewfaeerﬂe@essi@m' Total
OF °¢ (mils) (mils) ! (mils) |
| 1600 540 l} 4 ' = 4
1200 650 | 4 | - e
| 1400 760 12 - 12
1600 870 | 31 . 46 o
k 1800 980 | 39 | 47 % 86
2000 1090 > 98 49 | > 147
| 2200 1200 | >450 (10 hr. only) ‘

NTOBIUM

In contrast to the behaviour of molybdenum, the oxide of niobium (Nb,0.) is relatively

stable.
embrittlement.

However, the diffusion of oxygen leads to §caling and progressive attack and
Protéctive coatings will probably be required at temperatures above

980°C, but failure of the coating weuld mot be expected to lead to catastrophic failure.

Some alloying eélements that tend to reduce the oxidation rate are Ti, Cr, Mo, Zr, V,
Taf, producing alloys with an improvement im scaling resistance by a factor of 25 or

more, and in resistance to internal exidation by a factor greater than this.

Such

improvement, however, is probably §till inadequate for the service requirements, and
such alloys may be weak or unfabricable.

A general idea can be given in the following table:

: y Weight Increase (mg/cm?)

| after 100 hours in pure oxygen
L 8o0°C | 1000°C 1200°C |

Pure Nb | 3,600 6,000 | 24,000

i Single phase Nb alloys 20-50 70-100 } 200
| Two phase Nb alloys 8 12 | i6 i
Type 304 Stainless | , |

Steel ! 9 10 800
Haynes Stelite HS 31 0.5 | 10 30
i“'I*‘un‘gs‘ten 600 6, 000 |

60, 000

For comparative purposes, the following table shows the behaviour of some of the

high strength alloys:

* 16 hours on samples 0,375 inch diameter x % in long

t see, for example, the work of Klopps, Sims and Jaffee (Battelle Memorial Institute)

-5 -



NTOBIUM.

, : i T , ' o
| Alloy 'pcbws;ha41 10b71=0“31,v 50| Cb65 | F48 | 82 | Unalloyed

[ " 1
lﬂxygen!conmaminatiOM w !i |
| (depth im mils) after a0 i2) vv| 28| 32| 56| 5 14B| 450

,,,,, : ] J ’ L I . I

4, COATINGS

It appears that pure niobium ¢an be suceessfully protected by coating up to 1150°C.
The coating of oxidation-resistant alloys would cenceivably extend the serviee limit
and time. The upper temperatiiré limit would still be abeut 1300°C for existing
¢oatings, but research effort may extend this limit to 1370°C or mere. Porcelain
enamels seem to offer considerable promisé. Work ih pregress on 2iné coatings also
offers considerable promise (up to 1150°C).

5. WELDING

Niobium can be welded by vacuum or inert atmespheére techniques, As the metal under=
goes no phase transformation, such welds can be as ducétile as the base metal,

Work is im progress on alloys to determine the purity level required to lower the
transition temperature to thé point wheéré they ¢an be welded and remain ductile at
room or low temperatures.

6. FABRICATION
Niobium is much more ductile than molybdenum or tungsten, and can be much more

readily fabricated by bending, drawing, etc. There will, however, be further problems
in the fabrication of alloys.

* 7 mils at 1100°F (593°C)



MOLYBDENUM

MOLYBDENUM

The following data refer to pure molybdenum and the alloy with 0.5% titanium, both
being commercially available, a&lloys containing titanium, zirconium and carbon have

earlier stage of comiieréial development.

1. PHYSICAL PROPERTIES
¢a) Density 10.22 g/cm® 1,369 1b/in3
(b) Melting Point 2622 % 10°C, 4756°F

¢ey Specific Heat 9,059 cal/gC at 0°C; 0.075 cal/g®C at
475°C

¢d) Thermal Conductivity 0.32 cal/sec cméﬁvat‘®°é )
0.26 cal/sec cm®C at 1473°C (2685°F)

{ey Coefficient of Thermal 5.1 x 107 per °C at 27°C (80°F) ‘
Expansion 5.5 x 10 per °C at 1000°C (1830°F)
6.2 x 1076 per °C at 1500°C (2730°F)

(f) Crystal Structure Body-centered cubic
(g) Thermal Neutron Creoss Section 2.5 barns per atom

(h) Bmissivity (total) 0.08 at 500°C
©.13 at 1600°C
0.24 at 2000°C

2. COMPARISON BETWEEN METAL MADE BY POWDER METALLURGY
AND CAST METAL

The current process for producing molybdenum by powder metallurgy consists in
compressing the cold powder under pressure of 12 to 25 kg/mm? into the form of long
2000-2340°C in hydrogen or in vacuo. Sintering in vacuo usually necessitates the
addition of deoxidants to the pewder, Heating is done either by passing a current
through the bar, or by radiation or induection. Objections to this form of feed process
are that weight is limited (30 te 40 kg) and bars are not convenient.

The Westinghouse process uses a sintering at low temperature (1500-1700°C) in a
hydrogen atmosphere saturated with water vapour, which results in a reversible reaction
of oxidation and reduction leading to a product having a density approaching the
theoretical density. The sintering can therefore be performed in a radiation furnace
with a molybdenum resistor, which makes it possible to manufacture the metal in any
required form. Also, the grain is very small., The powder is previously compressed
under hydrostatic pressure at 10-20 kg/mm?. Batches of 200 kg are normally produced.

eqe
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MOLYBDENUM

The follewinhg data refer to pure molybdenum and the alloy with 0.5% titahium, both
being commercially available, Alloys containing titahdum, zirconium and carbon have
improved.pr@péftiés. PT‘ éipally higher reerystallization témpératures, but aré at an
ial development.

(a) Density 16,22 g/cm® 0.369 1b/ind

(b) Melting Point 2622 * 10°C, 4750°F

(¢) Specific Heat 0.059 cal/g°C at 0°C; 0.075 cal/g°C at
475°C

(d) Thermal Conductivity 0.32 cal/sec em°C at 0°C

0.26 cal/sec ¢m°C at 1473°C (2685°F)

(e) Coefficient of Thermal 5.1 x 107¢ per °C at 27°C (80°F)
Expans jon 5.5 x 10°° per °C at 1000°C (1830°F)
6.2 x 18°% per °C at 1500°C (2730°F)
(f) Crystal Structure Body-centered cubic
(g) Thermal Neutron Cross Section 2.5 barns per atom

0.08 at 500°C
0.13 at 1000°C
0.24 at 2000°C

(h) Emissivity (total)

2. COMPARISON BETWEEN METAL MADE BY POWDER METALLURGY
AND CAST METAL

The current proecess for producing molybdenum by powder metallurgy consists in
compressing the cold powder under pressure of 12 to 25 kg/mm2 into the form of long
bars, and then sintering the bars (with or without previous sintering at 1000°9C) at
2000-2340°C in hydrogen or im vacuo. Sintering in vacuo usually necessitates the
addition of deoxidants to the powder. Heating is dome either by passing a current

through the bar, or by radiation or induction. Objections to this form of feed process
are that weight is limited (30 to 40 kg) and bars are not convenient.

The Westinghouse process uses a sintering at low temperature (1500-1700°C) in a
hydrogen atmosphere saturated with water vapour, which results in a reversible reaction
of oxidation and reduction leading to a product having a density approaching the

theoretical density. The sintering can therefore be performed in & radiation furnace
with a molybdenum resistor, which makes it possible to manufacture the metal in any
required form. Alse, the grain is very small., The powder is previously compressed

under hydrostatic pressure at 10-20 kg/mm?, Batches of 200 kg are normally produced,
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MOLYBDENUM

Generally speaking, the properties of molybdenum and its alleys made either by
powdetr metallurgy or by consumable are melting are similar, provided that the structure

and impurity percentages are similar. The following differences 6ccur: -

A purer product is obtained by consumable arc meltihg in vacué, greater ductility
being developed.

The products obtained from powder metallurgy (fine grain) are more easily workable
(initial breakdown) than cast ingots (coarse grain). ASs far as the latter are

concerned; it is necessary to perform an extrusion first.
Cast alloys appear to bé more homogeneous than powder alloeys.

The addition of easily oxidisable alloy elements, e.g. titanium of zireenium in
arc melting, leads to the formation 6f a térnary alloy Mo=X-X0, the X0 being an

insoluble dispersion, contributing to strength at elevated temperature. The same
result ¢an be obtained in powder alloys by the direct addition of the contemplated

oxide.

A larger ingot cam be obtained by casting than by powder metallurgy.

The fabrication of powder is less expensive, because the losses in fabrication
are less, From 100 kg of molybdenum powder, it is possible to obtain 65 to 75 kg of
sheet by powder metallurgy, or 35 kg of sheet by casting. Scrap reclamation is
therefore an important problem.

Production by casting is steadily increasing in the United States:-
In 1957 : 500 tons of semi-manufactured products (80% by powder, 20% by casting)
In 1958 : 750 tons of semi-manufactured products (50% by powder, 50% by casting)
3. MECHANICAL PROPERTIES
3.1 Static Tensile

3.1.1 Unalloyed (as-rolled): Tensile strength, 70-80 kg/mm?; yield strength,
53-60 kg/mm? (0,1% offset). Elongation: 6-18%.

3.1.2 Mo=0.5% Ti: Tensile strength, 80-90 kg/mm?;, yield strength, 66-70 kg/mm?
(0.1% offset); elongation, 13%.
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3.2 Modulus of Elasticity

r— T . ]
| Temperature | Modulus (kg/mm®) |

o¢ op [ Arc Cast [Pouwder

217 80 30,200 | 31,600

590 1100 - 129,400 |
635 75 28,700 | = |

o
=]
=
[or])
(=4
(=
Ny
. =¥
Y c]
S
=
"

in. diameter bars is usually in the range

o

The impact transiti
of 260-480°C for bo e Sh Mo=0.5% Ti alloy. The tensile
transition temperatiifée for smooth specimens would bé in the range of =50 to about
+100°F (=46 to +38°C); The type of stress system has a large effect on the transition
temperatiure; a shafp notch can raise the transition temperature 300°C above that of a
smooth specimen.

The transitioeh temperature depends largely on the quantities of interstitials.

The typical characteristics just given are for molybdenum cast in vacuo, extruded
and rolled, having the following impurity percentages:- 6xygen : 0.005%, carbon :
0.02%, nitrogen : 0.005%.

Examples of the influence of these impurities on the transition temperature (under
constant test conditions) are*:-

Ocygen | Transition T | Nitrogen | Transition T | Carbon | Transition T
(%) (°C) 1 (%) I (°C) (%) | (°C)
| 00001 | - 60 | ©0.0008 | -40 0.003 | - 40
| 0.0002 |  + 200 | o.0014 | - 60 | o.006 | - 30
0.0006 |  + 200 . 0.0037 + 40 | ©0.008 - 10
‘ | 0.0330 + 140 '10.010 0
| | 0.020 + 40
| 0.024 50
(High purity molybdenum: = 80°C)
Other factors that play an important part in the ductility of molybdenum are:-
the orientation of the structure, the lack of recrystallization, the grain size,
annealing temperatures, and the conditions under which annealing was carried out, i.e.

the history of the operation and the atmosphere. The effects of these factors are
such as to prevent a sample of the metal being described completely by its chemical
composition,

* 0lds (Ref.748)
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3.4 Elevated=Temperature Tensile Strength (under Helium)

| | Pure Molybdenum Mo=0.5% Ti Alloy !
I L I . o

- r . . T . I~ . I .. %
| Temperature !! Tensile Strength | Elongation l Tensile Strength | Elongation |

I
i d

7é
C | (kg/mn? ) | %) | (kg/mn?) (%)

24 61 : 17 ‘

46 2t
42+ | 5
35* | -

d

[ )
0o N M
v
D D

S

b

3 T RSP
3]
W

a e B
'S
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i c 5 § - x il

‘i 1{ . il — " . : - . = ‘,,:"Jl

| @
(=]}
=
i @
=
o

| 1800%F (980°C) | 2000°F (1080°C) | 9900°F  3630°F  4530°F |
| | | (1600°C) (2000°C) (2500°C)|

l

‘ 0.1hr 1hv 100hr

0.1hr thr 100hr |  1hr thr 1hr

| unalloyed 28 23 15 | 25* 18 9 | 6 1 0.5
Mo + 0.5 Ti | 54* 49 37 | 52* 43 24 | - . <
Mo + 0.5 Ti + 0.072Zr | 70* 49 | - 60* 36 - - = |

3.6 Creep Strength
Creep and Stress-Rupture Properties of 0.5% Titanium Alloy

, ess | train of | Time (sec) szlTMgi.
| oF oC | &, 2 creep strawn of to Rupture | Elongation
e .m0 aom sm | TR Ty

180 280 296 - - 300
37 82 122 266 - 272
860 1800 2900 3810 4900 [ 5400}
57 180 336 505 663 | 1405
74 2520 - - - | 3300t
56 113 170 214 246| 290
252 472 700 835 1060 | 1380
238 720 =t .s% s 2883

—
ee]

[l B
T €I NI NI . A 00 -3
. .
n

00 N
-

* Estimated
** Extensometer slipped off specimen

t Test stopped at this time and elongation

»
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MOLYBDENUM

3.7 Other Alloys

I ﬁ Ultimate Tensile Strength | Stress-Rupture
1 Composition (%) (kg/mm?) Strength (kg/mn?)
(a8 extruded) for 100 tir. Life

1200°C | 1300°C | 1500°% | 1200°

1300°C

—

8 | s | =

0.06  0.04 (1) | a9 | 36

l1.25  6.15  0.15 @) | 43 8

| 0.1 0,05

(1) alley TZM I

* Estimate.

4. OXIDATION AND COATINGS

Unprotected molybdenum begins to oxidize at 250°C and oxidizes very rapidly at
temperatures above 850°C in air under atmospheric pressure. The oxide has a melting
point of 795°C but is already volatile at 700°C, exposing metal for progressive attack.

The rate of oxidation in still air is in the range 1400-2000 mg/cm? hr. It increases
with increase in the velocity of the air. The oxidation rate in air decreases with the
pressure, in particular with the partial pressure of oxygen. From the values obtained,
the oxidation rate at 1138°C at an altitude of 175,000 ft is 1/100 of that obtained
at normal pressure, The oxidation rate is also decreased in reducing gases such as
combustion gases. A life of 100 hours is obtainable at 1427°C. Gulbransen (Trans.
Electrochemical Society, Vol.91, 1947, p.594) has shown the influence of oxygen pressure

on the oxidation rate,

A number of systems that protect molybdenum against oxidation have been developed,
All the systems are subject to limitations, As a result no one protective system has
become predominant over the others and intelligent application requires knowledge of
the advantages and limitations of the various systems to enable the most suitable
system for the particular application to be selected. For instance, the use of a
particular coating process may depend on whether the process is to be used on mill
products or on finished parts.

Complete surveys of the protection of molybdenum are:-

Harwood - The Metal Molybdenum (ASM, p.420)
Bartlett -
Buckle

L]
(=)
jrai

efense Metals Information Center TR 109
La Recherche Aéronautique, November 1957, p.35

[}
«D
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MOLYBDENUM

Protectioh agaihst oxidation, Materials Advisory Board Report on Mo
(to be published)

R. Jaffee = Fabricaticn of Molybdenum (ASM, 1959, p.119)

MacLoud = Metal Progress, August 1958.

R. Jaffee

Metallic coatings for molybdenum are almost invariably nickel or nickel base alloeys
of the order of 0.002 to 0.003 in thiek. The advantage of coatings of this type is
] if local breakdown occirs, e.g. by oxygen penetration at local defects or by
isioh of the base metal, the oxidation preduct is nickel melybdate, a relatively
refractory compound; whereas molybdenum trioxide is volatile and iron molybdate is
relatively fusible. Unfertunately nickel molybdate spalls during cooling and for this
““““““ to thermal

o

¢yeling.

Chromium is usually present in metallic coatings in order t6 improve oxidation
resistance. In multilayer electroplated coatings, chromium is next to theé molybdenum
§0 as to retard diffusion

n of nickel and to improve adhesion. The high duetility of
nickel and nickel-chromium coatifigs fits them for applications where formability and
resistance to impaét are requiréd. Such coatings will withstand a few hundred hours
in air at 1090°C.

Rell clad nickel has good impact resistance and ductility in bending but Inconel is
better at 980°C. Such coatings are in part self-healing but start to melt at about
1300°C. How to obtain efficient protection at edges is a big problem in parts that

Sprayed coatings based on aluminium are somewhat less ductile than the nickel or
nickel chromium coatings, but have improved resistance to thermal cycling and erosion.
Chief among these are the spray coatings of aluminium with refractory powders such as
aluminium silicon chromium. Although these coatings are relatively brittle at room
part to occur without rupturing the coating. A coating of this type may be used at
higher temperatures than are feasihle with nickel base coatings. Such a coating has
some self-healing tendencies but, in common with other sprayed coatings, it cafi be
applied only to relatively simple shapes without recesses or areas difficult of

access.

Vapour-deposited, flame-sprayed, or paint and sinter coatings that have molybdenum
disilicide as the outermost layer are relatively brittle, even at elevated temperatures,

The maximum temperature at which they will afford protection is very high, which limits
their use on alloys with high recrystallization temperatures, Silicide coatings have

the advantage of being self-healing, gé—é—éilicg forms at discontinuities,

Ceramic type coatings also have been investigated. These are usually combined with
metal, otherwise they would offer little protection. Typical mixtures a 1 )
Cr-Ni-B, or chromium powder plus frit. Such coatings are thick and very brittle at

room temperature but some plasticity in the glassy phase permits limited deféfégtién
at high temperature,
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Importance of Thermal Shock
The resistance to thermal shock is proportienal to
™

akde

where T is the thermal conductivity, R is the ultimate temsile strength, a is the
coefficient of thermal expansion, E is Young's medulus, d is the density, and

¢ 1is the specific heat.

The low coefficient of expansion (5 x 10°¢ at 1000°C) of molybdenum cohfers on it
a high resistance to thermal shock, but the différence bhetweeh the expansion coefficients
of the metal and the refractory coatings available is a primary cause of failure of
oatings. Thermal shock tests (¢ycles of heating and cooling) vary considerably from
one laboratory to another and there is need to standardiSe the test. Examples of tests
niow being used are as follows:-

o

(a) Heat in furnace at 980°C, attaining temperature in 30 seconds, Soak for 15
seconds and cool in air for 45 seconds.

(b) Heat in jet at 1450°C for 15 seconds, quench in liquid nitrogen (30 cycles of
heating and cooling are used).

(¢) Heat in jet at 1090 or 1370°C for 12 seconds, cool in air jet for 18 seconds.

(d) Heat at the appropriate rate (surface heat transfer coefficient up to
0.03 cal/cm®) in a temperature=controlled air fluidised bed and ceol in a
similar bed at room temperature (maximum heat transfer coefficient 0.02 cal/cm?).

5. WELDING

Welds in molybdenum have been made by a variety of procésses. At present shielded

arc welding is the most highly developed process and has been the most widely used.
Early work on the fusioh welding of metal prepared by powder metallurgy methods showed
that cracking and weld porosity were the major defects encountered. The use of carbon
de=oxidized arc~cast material with appropriate shielding has largely eliminated these,
but low ductility of welds at room temperature is still a major deterrent to the use
of molybdenum for many applications. In shielded arc welding the molten molybdenum
should be well shielded from the atmosphere with argon or helium containing less than
0.005% oxygen. Leading and trailing shields are desirable if the welding is done in

the open.

Percussive and ultrasonic welding methods result in welds without recrystallized
areas, thereby reducing brittleness, but improvement in the ductility of the unwelded
material is necessary if brittleness is to be eliminated,

When titanium and carbon are added to molybdenum they tend to behave as de-oxidants
and welds in alloys containing titanium and carbon may be somewhat more ductile than
those in pure metal,

- 13 =
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6. FABRICATION
6.1 Formability
Molybdenum can be formed by the standard methods such as deep drawing, spinning,

roll forming, blanking and stretch form B
brittle behavieur i

ing. Because the transitionh from ductile to
tension occurs near reom temperature, it is desirable te use someé
heat ih the forming of molybdenum parts, except for bending operations on very thin
sheet, A temperature of 200-430°C is usually satisfactory for bending, drawifg of

g of sheet up to 1/16 = 3/32 in. thickness. For heavy plate and red it may be
Fry t6 heat the material to 980-1200°C before forming:. The high thermal

ity of molybdenum makes it diffieult to maintain this elevated temperature
during forming and it may be necesSary to use lieated dies; of to apply heat to the
material (or even to do both) during the operation.

Operations such as shearifig and punehifig should be carried out at temperatures in
line with those given for forming.

6.2 Machinability

Machining practices ih general are similar for the powdér metallurgy and the are=
cast materials, with opinion divided as to the relative merits of high speed steel or
carbide tools. Mclybdenum is not a hard material, but the powder and chips produced

aré abrasive. The low coefficient o6f expansion of molybdenum makes it necessary to
keep the tool cool in drilling to prevent seizing of the tool and possible cracking
of the molybdenum.

Molybdenum can be machined by any of the standarc methods such as milling, turning,
drilling, bering, grinding, shaping, etc. In many shops it is common practice to
machine without a coolant or to use carbon tetrachloride or trichlorethylene.
Sulphurized oil may be used where the residue is not objectionable. It is also possible
to contour-etch molybdenum, but with some difficulty.

"
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TANTALUM

TANTALUM
1. PHYSICAL PROPERTIES

(&) Density 16.6 g/cm’

(b) Melting Point 2996°C, 5425°F

(¢) Specific Heat 0,033 cal/g °C at 0°C
0.037 cal/g °C at 1090°C
0,050 cal/g °C at 2700°C

(dy Thermal Conductivity 0. 13 cal/sec¢ ¢i°C at 20°C

(e) Coefficient of Thermal Expansion 6.5 x 10°6 per o€ at 20°C

(f) €rystal Structure Body=centered cubic
(&) Thermal Neutron Cross Section 21.3 barns per atom
(h) Emissivity (total) The emissivity inereases from a value of

about 0.18 for polished metal to a maximum
of ab@ut 0. 8 with oxidation, decréasing

change.

2. MECHANICAL PROPERTIES
2.1 Tensile Properties

For unalloyed annealed tantalum, at room temperature:=

Ultimate tensile strength = 50 kg/mm?

Yield strength = 40 kg/mm?
Elongation = 25%
Strength is strongly temperature-dependent at lower temperatures and brittle
behaviour is encountered at =155°C (-250°F) where strength is 105 kg/ m?¢ for

Discontinuities in the strength vs. temperature curves are encountered at about
260°C (500°F), suggestive of strain aging,

Tensile strength a 93°C (2000°F) (in inert atmosphere) is still about 13 kg/mm?,
yield strength abo ut ] k / mm?, and at 1200°C (2200°F) the ultimate strength is about
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2.2 Variation of Properties with Temperature

r T
| B . | °F =320 =100 + 72 390 500 6001 1000
| Test Temperature N I

} °C =195 = 73 + 20 200 260 320\ 540

1500 2000
890 1090

|
b — — .
| 0. 2% Yield Strength (kg/mm?)
iywmtmmatérTensiIe,Streﬂgth

(kg/mm) | 105 52 47 40 49 53| 42

I
|
|
| i B ]
d k l
i

105 50 40 25 28 285

A i

Elongatioh (%) [ 4 23 325 12 15 20 16

% 43

{ o
1

Atmosphere Air

Inert

Alloy development has been very limited and useful data are rnot available:
a le i

of tungsten or haffiium and, to6 a
vanadium, raise the tensile strength, with some 168§ in ductility.
2.3 Modulus of Elasticity

At higher temperatures, the following valués were obtained: -

Test Temp. | Stress | Time in sec. to Produce
oF °C | (kg/mm?) | 1% Def. 2% Def. 5% Def.

Rupture

| Life (sec.) |

| 3000 1650 { 3.5 | 15 25 65 |
4000 2200 | 1 10 30 100 |

150

5000 2760 0.5 15 30 90 250

2.5 Alloys

Ultimate Tensile Strength |
Composition (%) | (kg/mm?) ‘
‘ (as extruded)
W M Hf V| 1200 | 1400°C | 1600°C

10 | 29-40 4 | 9
5 35|
30 5 29
10 35 | 15

<

Additiens
es$ extent, additiens of titanium, molybdenum or
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3. OXIDATION
Tantalum is §lightly, but not significantly, fiore oxidation-resistant than niobium.

Oxidation Rate of Tantalum at Various Temperatures*

| Oxygen Penetration | Interface Recession | Total
of' °C | (mils)

[ I
i s
.,
k ot
| o
~—
3
-
H O
-
| J‘ e

I 1000 540 | 4 | - i 4
| 1200 50 4 §i ; S
i

| 1400 760 12 | . 12
| 1600 8% | 31 | 23 I 54
| 1800 980 59 fg 33 | ooz
| 2000 1090 | 98 i 46 | 144

" An alloy with 33% Ti and 18% Co showed a low rate of oxidation |

| after 20 hours at 1093°C (2000°F) |

4. COATINGS

Tantalum has been used largely for its corrosion resistance at imoderate temperatures,
or within electron tubes in vacuum, Very little work has been reported on c¢oating
development,

5. WELDING AND FABRICATION

The discussions in the section on niobium apply alse to tantalum.

* 16 hr, test on samples 0,375 in. diameter x % in, long

=17 =



TUNGSTEN

: They usually refer to bar or
i «i ns, and thus do not indicate transverse properties. There are no known
elevated -tem rature data on alloys of tungstens

1. PHYSICAL PROPERTIES

(a) Density 19.3 g/em®, 0.697 1b/ind

(b) Melting Point 34109, 6170°F

(¢) Specific Heat 0.032 cal/g?é at 20°C¥(68QF) —
0,036 cal/g® at 1000°C (1830°F)

(d) Thermal Conductivity 0;310vcal/cm‘sec?c at QO@CL )
0.260 cal/cm sec®C at 1327°C (2420°F)
0.245 cal/cm secOC at 1727°C (31406°F)

at 27°C
r °C at 1027°C (1875°F)
7.26 x 10°° per °C at 2027°C (3675°F)

(&) Coefficient of Thermal Expansion

(f) Crystal Structure Body-centered ¢ubic
(g) Thermal-Neutron Cross Section Usually repofted as 19.2 but ranges from
(barns per atom) 19 to 22. The absorptions of individual

isotopes are: =

W60 less than 20

¥iea 11

wx&u 2

wlas 36
(h) Emissivity (total) 727°C (1340°F) : 0.105

1227°C (2060°F) :
1727°C (3140°F) :
2227°C (4030°F) :
2727°c (4940°F) :

OO0 0o
)
Q
=

2. COMPARISON BETWEEN POWDER METALLURGY AND ARC MELTING

Attempts to use the Westinghouse process (see the section on molybdenum) have failed,
However, the first stage (hydrostatic pressure) is useful, and by this means samples

of 50 kg have been p odu ed.

elso



TUNGSTEN

Are meltifig in vacuée has the advantagée of purifying the metal and of permitting the
re-use of waste, but it is difficult because of the power consumption. The ingots
produced are coarse grained and not easily workable. (Extrusion has to be done at
2300°C). There have been hardly any production quantities produced and it is not
possible yet to give comparative characteristies for products made by the twe
processes,

Electromet; who seem to have the most advanced technigiies;, are able to melt ingots
of 50 mm diameter (length : 1 meter) and more recently have made ingots of 75 mm
diameéter. Arc melted ingots of 100 mm diameter

Electric. Electron beam melting, tried by Temescal, has run into great difficulties.

rocess very suitable to tungsten and Electromet are

g having normal characteristics.

3. MECHANICAL PROPERTIES

Properties vary considerably with the degree o6f ¢old=workifig, the thermal histery,
the impurities added, accidentally or intentionally, and the grain size developed by
the processing. For thé most part, tuhgsten may be considered to be a brittle material
at ambient or room températuré. A small degree of ductility ¢an be developed by
severe warm-cold working but, upon annealing, room temperature brittleness 1is again
encountered,

3.1 Tensile Strength

Sintered ingot 13 kg/mm?

Swaged rod 35-150 kg/mm?
0.250 in (6.3 mm) diameter 50 kg/mm?
0.100 in (2.5 mm) " 105 kg/mm?
0.050 in (1.25 mm) " 140 kg/mm?

Drawn Wire 140-420 kg/mm?
0.025 in (0,65 mm) " 150 kg/mm?
0.010 in (0,25 mm) " 175 kg/mm?
0.005 in (0.12 mm) " 210 kg/mm?
0.0005 in (0.01 mm) " 420 kg/mm?

Annealed wire 105 kg/mm?

=19 -



TUNGSTEN

Rolled sheet

0.040 in (1.0 mm) thick 84 kg/mm?
0,020 in (0.5 mm)y thick 140 ke/mm2
0.010 in (0.25 mm) thick 210 kg/min?

3.2 Vvield Strength (Roem Temperature)

Annealed (reerystallized) tungsten has & brittle fracture when tested in tension.
The yield strength is therefore equal to the ultimate tensile strength in such instafnces.
Well-worked tungsten has a small degree of ductility (up to 4% elongation ia ter i
§0 that the yield strength is 90 % 5% of the ultimate, depending upon the percentage
offset used to establish this value. Yield strength data are very limited.

3.3 Ductility (Reom Temperatiire)

Tungsten is brittle at room temperature, especially when reerystallized.
Duetility in bending of small diameter wire or thin sheet is good. Very few data én
bend ductility or reduction in area are available.

3.4 Elevateds=Temperatitre Strength

Data in the range of interest (above 2200°F) (1200°C)) are limited, However, the
ultimate tensile strength of wrought wire is of the order of 49 ke/mm? at 1200°C
(2200°F), 28 kg/mm at 1600°C (2910°F). and 20 kg/mm2 at 1800°C (3270°F) The strength

10 kg/mm at 1800°C (327ﬂ°). to 3 kg/mm2 at 2760°C (450®°F)

The stresssrupture strength (kg/mm?) under helium on rods produced by powder
metallurgy and having ultimate tensile strength at room temperature of 100 kg/mm? and

- Test Temperature | sze
oC F | 1h | 10 hr
2250 4100 | 3.1 2
2500 4530 1.8 1.1
2700 4900 1.4 1.0
2800 5100 1.2 0.8

3.5 Modulus of Elasticity

35,000 kg/mm? at room temperature.

]

354

=]
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TUNGSTEN

3.6 Brittle to Ductile Transition Temperature

The brittle temperature zone for tungstén lies above ambient or room temperature,
but below 150°C (302°F). A transition region exists between 150°C and 450°C (842°F)
where either brittle or ductile bel ay be encountered, depending on the sample
history and the testing procedure. Above 450°C; ductile behaviour is developed and a
large drop in yield stress is encountered with a corrésponding inérease in duetility.

3.7 Alloys

Ultinate Tensile Strength
(kg/mm?) |

(as extruded) |
0°C | 1600°C | 1900°C |

Composition (%) %

i |
S |

2,
(=4
=1
e
|
=
(=)

02 | BT U
005 | 3 n
' 22 |

)

[ &)
ey

4. OXIDATION

Tungsten begihs to oxidize rapidly above 600°C (1110°F) with a rate about equal to
that of niobium and tantalum, up to 2100°F (1150°C), above which it has not been
determined. Work on protective coatings for tungsten has begun only recently.

The study of coatings of rhodium (6r other metals of the platinum group) with
underlayers of Cr + Si, seems very promising.

" _~W=I0Ti
7 === W=15Cb

o0z T 08 Twoe o8 ' 10
TIME , HOURS

Oxidation Rates of Tungsten and Some Binary Alloys in Dry
Oxygen at 1200 C°
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liagram and the following 1ist show that éértain additions can reduce the speed
tien, but it is probable that protective coatings will still be necessary at

the working temperatures that are envisaged.

Thickness loss on one face (mils) if dry air

|  Test Temperature (°C) | 1090 | 1260 i . , |
— s S e R R Observations ‘
1 hr 8 hr |

r Test Time | 1t hr 8 hr

| 0 2
| S

" Unalloyed Mo
| " w 5

I " Nb 4 3r | 13
| W+ 20% Nbor W+ 30%Ta | 1.5 3.4 | 4.2 14, No econtamination, |
| a I | finer grain size |
: | I | in cast material. |
| Nb + 17.5% Ti P 0.7 3.8 | 3.7 17.0 | Brittleness by {
| { contamination |

B e O3

N c.n: [, <)

Tuhgsten cannot be joined by riveting with tuhgsten rivets. However, in some
instances, molybdenum rivets can be used successfully. Tungsten can be arc-welded
with suitable atmosphere protection, and can also be brazed. In most commercial
fabricated parts, brazing is the preferable method of joinhifig. Silver solder, cobper,
or nickel ¢an be used for brazing in either controlléd atmosphere fuinaces by inductien
heating or in resistance welding equipment. Spot welded joints are commonly made
using a layér of nickel between the tungsten parts. Although tungsten can be arc=
welded, difficulties are often encountered due to excessive brittleness of coarse
grained weld deposits and heat affe¢cted Zones at room temperature.

6. FABRICATION

Tungsten can be produced in the form of hot rolled sheet, although it must, of
course, be heated for reolling in an inert atmosphere. It can be machined but, because

drilling. Both tumgsten rod and sheet can be formed if heated to a proper temperature
range. In no circumstances should attempts be made to form tungsten at room tempera-
ture. Tungsten sheets can be formed at temperatures of 800 to 1000°C (1500 to 1800°F),
and rod can be bent only at a good, red heat. Thin sheet can be formed at somewhat
lower temperatures than the thicker sheet materials, In general, tungsten can be
formed by simple bending, stamping, and spinning, However, the processes must be
approached with a great degree of caution, and large deformation cannot be accomplished
in one operation, Deep drawing of tungsten is virtually unkmown in the industry in

its present state of development.
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RECOMMENDATIONS FOR RESEARCH AND
DEVELOPMENT

The following remarks apply, in general, to all the refractory metals under cohsid-
eration.

1. ALLOY DEVELOPMENT

Certaih molybdenum and niobium alloys are either presefitly available or will be ifi
the near future. These, however, have serious limitations. The development of alloys
of tungsten and of tantalum is in a very early stage. Research and development with
the objective of producing new alloys of all four metals are therefore needed. Although
it is unlikely that a single alley able to satisfy all the requirements will be evolved,
Fesearch objectives should include the following:

(a) Improvement of strength at high température, including particularly an increase
in the temperature of recrystallization

(b) Improvement in resistance to oxidation

(¢) Improvement in formability, including the lowering of the ductile-brittle transis
tion temperature

(d) Improvement in weldability
(e) Improvement in primary workability (ingot breakdown, rolling, forging, etc.)

(f) Improvement in special properties such as melting point, coefficient of
expansjon, etc.

Particular emphasis must be given te point (a). It is recognised that the limiting
temperature of usefulness of a metal is of the order of 0.4T, where T, is the melting
point in °K, This temperature corresponds roughly to the temperature of recrystalliza-
tion, Alloys of the metal might be usable at « temperature of 0.8T,, Metals having a

other metals. Unfortunately molybdenum and tungsten and the alloys of niobium,
molybdenum, tantalum and tungsten of current commercial purity, cannot be used at their

recrystallization temperatures because recrystallization is accompanied by almost total

embrittlement, due mainly to the segregation of interstitial solute atoms at grain
boundaries. In order to raise the usable temperature from 0.4T, to 0.8T, the following



g

(b) How the effectiveness of those mechanisms is affecéted by increase in temperature
(¢) How temperature effects may be delayed.

The basic strengthening mechanism is essentially the pinnifig of disloeations. There

are four primary pinning mechanisms, viZ.
(&) Pinhing by further dislecations
(b) Pinnihg by disselved atoms or solid solution strengthening
(¢) Locking by order-disorder structure
{d) Loeking by a second phase.

A. Pinning by further dislocations

Straining ereates further dislocations whiéh form obstacles, whieh result if céens
siderable improvément in room temperature mechanical properties. Examples are
improvement of niébium and tahtalum by cold working, of molybdenum and tufigSten by
hot=c¢old working followed by cold working, and of alloys of molybdenum, hiobium,
tantalum and tungsten by hot-celd working. These improveménts are not, however, main-
tained with incérease of operating temperature and in additien the temperature of
reerystallization tends to decrease as the degree of cold working increases. There is
though a possibility that ¢lose contrel of the conditions of cold working and of
stress-relieving heat treatments might result in high density of dislecations by the
formation of sub-structures. Improvements of this kind have already been obtained in
molybdenum and the alleys of molybdenum with 0.5% titanium. It is unlikely thoéugh that

a usable temperature in excess of 0.6T, will be attained by this means.

B. Pinning by dissolved atoms, or solid solution strengthening

Dislocations are pinned by a group of dissolved atems in their immediate neighbour-
hood. This mechanism effectively pins dislocations at room temperature but owing to
reduction in the density of the atom cloud of the dissolved element and the tendency of

the cloud to move with the dislocations instead of anchoring them its effect decreases
with increase in temperature, The effects of increase in temperature on these two
mechanisms can be combated by increasing the content of the dissolved element and by

using a diss~lved element of higher melting point or lower coefficient of diffusion,

In refractos: ~etal alloys this method of strengthening has been used to a large extent,
being a resu.: ~f the high mutual solubility of the high melting point metals such as

niobium, tanta.. . molybdenum and tungsten and the appreciable solid solubility of

Taking the fou. .-tals in turn the position is:

Niobium

Proposed alloys a1~ «lmost all strengthened by solid solution with melybdenum
titanium, tungsten anc :.ntalum*, Numerous other additions have been investigated
to some extent,

* See table under niobium secifon in Part I

"
o
e
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Tantalum

Labofat@ry investigations have consisted in examination of the effects of niobium,

Molybdernum

Studies of molybdenum alloys have se far yielded rather disappointing results.
They cover additions of tungsten, tantalum, vanadium, hiobium, titahium and chromium.
on 6 ng developed. Rhenium alse has

Alloys based on an addition of 25% tungsten are b
been tried as an alloying elemefit, Rheniium additiohs however may result mmxthe
formation 6f a brittle sigma phase (Mo Re ) The actions of zirconium (Solubil
7.5 atons %) andmanganese (solubility 15atoms %) deserve special consideration.

Tungsten

Solid solutions are obtained with vanadium, niebium, tantalum afid m6lybdenim.
Studies in hand deal more particularly with alleys having a tungsten-molybdenum base

or a tungsten tantalum base or comblnat1ons of tungsten tantalummmelybdenum and

Degree of solid solubility

Difference in atomic diameter

The need for information on phase diagrams and coefficients of diffusion is evidently
urgent.

perature is raised, owing to reduction in the degree of short-range order and to increased
diffusion and self-diffusion rates which cause the zones of disorder, due to disloca-

tions, to rearrange themselves., Knowledge of the coefficients of diffusion is important
when using this process.

This mechanism alse is effective at room temperature but disappears when the tem-

There is no precise example of this behaviour in refractory alloeys.
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D. Locking by a second phase

The effectiveness of this mechanism depends on a fine di
A ¢lassie example is the alumifium-copper alleys in whieh so6l
(copper) is first obtained by heat treatment followed by quenct Y itation of
thé‘C-Alé\pmase subsequent] 1y discovered example is that of titanium
alloys in which a dispersed precipitate (Tiécn) is obtainéd by euteétoid reaction
following selution ih the beta phase.

There are no typical examples in the alleys of the refractory metals. The behavieur
6f iroen, nickel and cobalt imn niobium, and of ireh, nickel, alumindium, Silicon and
1t in molybdenum has been considered but the lack of complete phase diagrams
prevents much speculation on the possibilities of the process, It must be borhe ih
mind though that such dispersed precipitated phases are, by theif very nmature, thermo-

dispersion and reduces their efficiency as obstacles, or dissolve and are 16st as
obstacles. The potentialities of the process may be inéreased:

1. By the precipitatioen of compounds that have a high melting point and that would,
owing to reduction im diffusioh rate, retard coalescence.

eeond more stable phase which pre¢ipitates
this method has already been applied to

2. By obtaihing secendary hardening by a s
when the first dissolves or coalesces (
certain steels and ‘suberalloys’).

3. By finding a second stable and insoluble phase.

It is the third possibility which is being investigated to the greatest extent. The

first example was sintered aluminium powder (SAP). This phenomenon gave a clue to the
behaviour of alloys when carbon was added as a deoxidant during the alloy work on
molybdenum, when the molybdenum-0.5% titanium alloy was developed. In fact is was

clearly demonstrated later that when one adds te a refractory metal M (containing

always a certain proportion of oxide or of oxygen) a metal X that readily forms an oxide,
the result was not an alloy MX , but the oxide X0 , hence the ternary alloy M=X0-X,

where the insoluble oxide phase is formed in situ and therefore finely dispersed. In the

refractory alloys titanium and zirconium are the most widely used additives but there

is need to determine whether other metals having very stable oxides formed at high
temperatures can be used to still better advantage. Carbides, nitrides, borides, etc.
may be considered in addition to exides.

On these bases, alloys already in existence or in a late stage of development are:-

Mo + 0.5% Ti, Mo + Zr (0.08%) + Ti (0.2%) + C (0.05%)
Mo + 0.5% Ti + 0.07% Zr + (C)

Nb + 0.75% Zr (Fansteel’s No. 80)
Similarly, alloys of Ta + 1% 2r + C or Ta + 1% Ti + C are being considered.

There is evidently a wide and potentially very fruitful field waiting to be explored.



The ways in which the advantages of a dispersed inscluble second phase may be
explored afe:

(2) By direct addition of the metallic -element before melting or sintering; promising
elements being silicon, cobalt, titanium;, zirconium and hafnium. (Bo seems
to be unlikely to be useful in this ¢énhection). Particular attention should
be giveh to the aetion of rare earths afid yttrium, not only bécause they form
volatile compounds at the expense of interstitial elements, with improvement
of the fabricability but because of the possibility that stable dispersed eom=

or borides) during sintering, or

HfO

L}

- 0o,

The additioh to a metal of its own oxide, nitride or carbide should be included.

Work of this type is being dome with tantalum.
(¢) By controlled internal oxidation at sintering temperature.
Combinations of the various processes
As a general rule it would be profitable to combine two or more of the foregoing
processes A to D. Process A will probably always be an essential in the production of
refractery alloys.

The most profitable combination would seem to be A + B + D. Examples of these are:

Nb +5 Mo +15W+172Zr +C (G.

B D

o]

.C. alloy F 48)

Nb +5 Mo +15W+5Ti+132r+¢C (G.E.C. alloy F 50, Ti having been added
— s D mainly to improve resistance to oxidation)
Nb + 32.5 Ta + 0.75 Zr (Fansteel 82)
B D

Nb + 7T Ti+ 0.82r (Union Carbide Cb 65)
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‘kely that for most applications alloys can be developed with adequate

L
©
[

j i , protective coatings must be devised. To be successful, a
c@at’ng must‘be talrored t6 a specific all@y, t@ the conditions to be met im the
particul riate for the fabrieation practice employed
(90531b1y appllcab]e OR ah assembled unlt) The development of realistiec simulated

'I

S ce tests (including thermal-shock or thermal-cycling) would be of value. Coatihgs
@©§Sé sihg high emissivity will be required especially for tungsten. The use of plasma-=
toreh sprayinig could be of great assistance.
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the determlnatlon of pr@pertles to 1ndlcate the relatlve value for spe01f1c appllcatlons.
For example, for tungsten thefe are no data exéept for thé pure metal, ahd in the form
of rod or wire. Furthermore, a very high quality product will be needed for aireraft
applications. This will require a period of process development, especially with regard
to wide, thin sheet alloy forms, Because of the great expense of producihg these metals

in the required miil forms, even in IimitGGJQMantityj radically different methods from

4. JOINING

It is obviously desirable to be able to assemble structures by weld; 4 With‘proper
procedures, the refractory metals can be welded, but the mechanical properties of the
resulting joint are often unfavourable, especially in the case of Mo an W (p ure Nb or
Ta can be successfully fusion welded). This is because, with these two metals, usable

ductility has only been associated with a structure having elongated grains resulting

from previous deformation. The trend toward application of composite structures, such
as honeycomb, may make mandatory the welding of thin sheet.

Research should be directed mainly in the following directions:-

gas sh;eld;ng, w1th consumable or non- consumable electrode)

Development or improvement of new techniques

Electron-beam welding

Ultrasonic welding

Percussive or pressure welding



Fusion welding with the addition of processes to break down the coarse grain
(ultrasonic or forge-welding)

Solid state bonding, preventing the formation of coarse grain.

5. BASIC RESEARCH

A variety of topics are now listed which obviously need further attention if the
technology of refractory metals is to make progress.

5.1 Phase Diagrams

Many advances could be made by the availability of equilibrium diagrams. In most
c¢ases, the complete system is not required: the solid selubility limit, 1iquidus and

solidus surfaces and identification of the first compound being usually sufficient.

tudy, the following considerations
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be berne in mind:=
T. That the systems selected be related to the purposes for which the material

might be used, such as in studies of alleying, coating, joining;, influence of

gaseous environment, exploration of properties and metal behaviour,

II. That, since the effects of gases in these metals are so important, a high
priority be given to metal-gas systems which the final report shows have not
yet beén adequately covered (tungsten),

I11. That the systems should hot be restricted to binary systems, but careful con-

The phase diagrams whose study is considered desirable, on the refractory metal
side at least, but which does not seem to have been undertaken, are as follows:

Niobium

Nb-Co Nb-81i
Nb-Zn
Nb-B Nb-Be

Nb-platinum group metals (Ir-Os=Pd-Pt-Rh)
Nb-Ce Nb-La Nb-Y

Tantalum

Ta-Co Ta-Cr Ta-Fe Ta-Ni Ta-Cu Ta-Mn
Ta-Be Ta-Al

Ta-Hf

Ta-Pt Ta-Rh Ta-Pd

Ta-Ce Ta-La Ta-Y

:29-,



Tungsten

W=Cu W=Mn

W=N W=H
Wela W-Y

Mol y‘bdéﬁwm
M@=V
rMQ = T‘h‘
M@‘ ‘B’
Mo=Ce Mo-La Mo=Y

5.2 Diffusion Couples

ahce in cohmection with: -
(a) Successful production of alloys by powder metallurgy
(b) Homogenization of sintered or cast refractory alleys
(c) Strengtheaing by solid solutioh or dispefsien.

The following are suggested for study:-

(i) In every refractory metal, rates of diffusion of the high melting point metals :
W=Ta=Re-Mo-Nb,

(ii) In niobium : Ti-Zr-V-Fe-Hf
(iii) In tantalum : Ti-Hf-Zr-V
(iv) In tungsten : Ti-Zr-Hf-Cr-v

(v) In molybdenum : Ti-Zr-V-Co.

5.2,2 As far as sintering or melting in vacuo can be considered as a purification

process, rates of diffusion of some impurities have to be studied, for example:-

Fe-Si in Niobium

Fe-8i in Tantalum
0-N-H-C-Fe-Mo in Tungsten
0=N-H-C-Fe-Mn in Molybdenum,

N

5.2.3 The success of metallic protective coatings mainly depends on adequate diffusion
rates. In the field of the four refractory metals, it is recommended to study diffusion
couples with



platinum-group metals and among these Rh (espeeially with tuhgsten),
Ni=Cr=AY=8i=B.

5.3 Impurity Effects

The presence of small ameunts of certain impurities has a profound influence on the
mechanical behaviour of the refractory metals, This i8 especially true of the inters
1 elements, oxygen, nitrogen, carbon and hydregen., More work is needed to undef=

eme
mand this behaviour.

Examining the work which might be done under tliis heading, at least five ijmportaht
areas are recegnised: -

I. The effect of impurities on mechamical properties at a glvem temperature of
over a range of temperature, includifig suéh items as due

crack 1n1t1at1om and propagation, fabricability, eté., and ~he mechanlsms
invelved relating te thése phenomena, In such Studies, the method of study anhd
test should be clearly indicated, sueh as impact studies, mic¢roseopic investis
gation, specimen details, deformation rates, dislocation studies, ete.

I1. The éfféét‘éf impurities on diffusion processes; for éxample, in coating and

I11. The effect of impurities on physical properties; for éexample, thermal éonductivity.

IV. The effect of impurities on chemical properties; for example, in stress and
intergranular corrosion.

V. Methods for minimizing the injurious effects of these impurities.

In all these situations, interest is mainly concentrated on the interstitial
elements.

1 to 100 parts per million, This is a problem not yet under contrel, especially with

A related problem concerns the determination of these elements in the important range

A program of cooperation between a certain number of the NATO countries has been set
t sam

up to analyse samples (powder and solid) which have been exchanged between the different
countries participating, and to define the best methods for analysis,

5.4 New Fabrication Techniques

Compared to most metals, the refractory metals are very intractable., Unusual methods
for making products may be the most ,ff;g;ent approach. Typical of the new techniques
are slii casting, rolling of sheet from powder, and flame spraying to form a metallic

5.5 Oxidation Studies

The behaviour of the refractory metals with regard to oxidation is well known up to
about 1000°C, Data above this temperature are fragmentary, Compared to intermediate
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temperatures, the situation at very high températures may be substantially different.
For example, it is possible that the oxide of tungsten may decompose at a sufficiently
high temperature. Basic studies may be of great value in assisting the devising of

protective systems.
In studying this problem it is suggested that the following be taken inteé consideration.

5.5.1 Physical and mechaniical conditien of the samples: for example: compositioni, shape,

size, surfacesfinish, heat treatment, grain size, textur

.
aQi
[
72
o
la i}
[

5.5.2 Nature and conditions of the xample; oxygen, hydrogen, nitrégen, aif,
water vapour, metal vapour, or other elements in the gaseous state, individually or
mixed; and such physical conditions as pressire, velecity, physieal state (moleeular -
dissociated = ionized).

5.5.3 RExternal conditions such as temperature and time: for example; gradients, whether
sStaghant of cyelie, ete.

5.5.4 Agreement oh a standard test or tests under conditions closely approaching par-
ticiular serviee conditions.

5.5.5 Design 6f equipment for this research : facilities,

5.5.6 Nature of deterioration afd methods for it§S evaluation: for example; weight gain
or loss, whether intergranular, or pitting type of attack, méchanical and physieal

nature of corrosion products, ete.

6. DESIGN DATA

To allow a selection of a refractory metal, at least a certain minimum amount of
data will be required by a designer. Much more will be needed in preparing an actual
design. For the most part, sufficient data are not existent to make even the prelimin-
ary estimate adequately.

The types of properties on which data are desired to permit a selection of alloeys
are given below,

Physical Properties

Density

Specific heat

Thermal expansion as a function of temperature
e

Thermal conductivity at room temperature and 2000°F

Melting point
Emissivity.



Mechanical Properties (testing conditions indicated)

Ambient Temperatures

Compressive y1e1d strength
Modulus of elasticity
Notch sensitivity and transition temperatire.

El

evated Temperature (data at temperatures between 1000°C and 1650°C)

gth and elongation at fraéture

strength for 1 and 100 hr lives. Curves showing total deformation
{including thermal expansion, elastic and plastic deformation) would be valuable
te suppAeme At rupture strength.

Thermal shock resistance

Modulus of elasticity as a function of temperature.

Chemical Properties

Corrosien resistafice at room temperatire

Total weight change (coated and uncoated) or weight 16ss (unceated after descaling)
after exposufe to temperatures from 1000°C to 1650°C as mg/em? after X hours
exposuré. Alsou, if possible, thickness of layer (in mim) and intefhal pehetration,
including localized effects, résulting from X hours at temperatires.

Embrittlemeni after éxposure to above temperatures.

Fabricability

Ease of primary fabrication
Formability

Machinability
Weldabiiity.

Availability of Mill Products

Forms and sizes.



1.1 Phase Diagrams

1a.

Klopp

NIOBIUM

Diffusion nates and Solubilities of Inters
stitials in Refractory Metals. DMIC Memo 50,
April 1960.

1.1.1 Systeéms which can be Regirded as Knoun

(]

Seybolt

Elliott

Solid Solubility of O, in Nb. JOM, June
1954, p. 774, '

Columbium - Oxygen System. ASM Preprint
No. 143, 1959,

See also references in Section 1.4(a) (reaction of Nb with oxygen).

Nb-N 3.
4.
5.

Brauer
Brauer
Schtnberg

Nitrides of Nb. ZAC, Vo0l.270, 1952, p.160,
Nitrides of Nb. ZAC, Vol.274, 1953, p.1l.
Some Features on the Nb-N System. ACS,
Vol.8, 1954, p.208.

See also references in Section 1.4(b) (reaction of Nb with nitrogen).

Nb-H

(=2}

padiba

10,

10a.

Brauer
Albrecht
Paxton
Wainwright

Albrecht

Komjathy

Hydrides of Nb. Ref.3.

Nb-H. JES, April 1958, p.219,

Observations on the Nb-H System. TAIME,
August 1959, p.725.

The Nb=H System. Bulletin of the Institute
of Metals, July 1958, p.68.

Reactions in the Nb=H System. JES, November
1959, p.981.

The Nb-H System. JLCM, December 1960, p.466.

See also references in Section 1.4(c¢) (reactien of Nb with hydrogen).

Nb-C 11,
12.

Brauer

Brauer & Lesser

Carbides of Nb. ZAC, Vol.277, 1954, p.249.
Karbidphasen des Niobs. ZM, Vol.50, 1959,
p.8.

* For Notes and Abbreviations used in Parts III and IV, please see the Appendix on p.129,



Nb=Mo

Nb-Re

:Nba»Ru

Nb-Ta

Nb-W

18.

18.

20a.
21.
22.
23.
24.
25.
26.

27,

™
(o]

fo- )]

Norton & Mowry
Elliott

Biickle

Knapton
Knapton
reenfield &
eck

Grant
Savitskii
Levesque
Knapton
Greenfield
Grant

Biickle
Williams &
Pechin

Hansen

et alii

Gonser

=
It
=
D
. i
3

«D
ot i
o =
i
T
s

Biickle

1.1.2 Partially Determined Systems

Nb-Co**

30.

31,

Koster &
Mulfinger
Wallbaum

Solubility Relationships of the Refractory
Mbﬁ@é@ﬁ@idés; TAIME, Vol.185, 1949, p.133.
The Cb=C System. ASM Preprint 179, 1960.

Aufbau und Mikrohdrte der Zwei= und Dreist-
offsysteme der Metalle Niob, Tantal, Molybdin
und Wolfram. 2ZM, Vol.37, 1946, p.53.

(Selid selutions for all propertions).

The Niobium=Rhenium System.
1959, p.480.

Nb and Ta Alleys.
(Complete diagram).
An X=ray Survey of Certain Transition=Metal
Systems for Sigma-Phases. JIM, Vol.87,
September 1958, p.28.

Intermediate Phases in Binary Systems of
Certain Transition Elements. TAIME, Vol.206,
1956, p.265 (also JOM, Vol.8).

Work performed at MIT under US Government
Contraét.

Atomnaya Energiya, Vel.7, 1959, p.470.
(Complete diagram).

The Cb=Re System. ASM Preprint 192, 1960.

JLCH, Vol. 1,

JLCM, Vol.2, 1960, p.113.

Ref. 16,
Ref. 18.
Ref.19.

Ref.14. (Solid solutions for all proportions).
The Tantalum<Columbium Alloy System. TASM,
Vol.50, 1958, p.1081.

Systems Titantum-Molybdenum and Titenium-
Niobium. TAIME, Vol.191, 1951, p.881,

(also JOM, Vel.3),

Titanium Alloys. Industrial and Engineering
Chemistry, Vol.42, 1950, p.222.

Columbium-Vanadium Alloy System. TAIME,
Vol.200, 1954, p.915.

Ref.14. (Solid solutions for all proportions).

Die Systeme des Kobalts mit Bor, Arsen, Kirkon,
Niob und Tantel. ZM, Vol,30, 1938, p.348.
Ergebnisse der Rontgenographischen Strukturun-
tersuchung von Legierungen der Zusammensetzung
AB, der Eisenmetalle mit Titan, Zirkon, Niob
und Tantal. 2K, Vol.103, 1941, p.391.
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Nb=Fe** 32.

Nb-Hif* 37.

4‘0’&

41.

Nb-Si** 43.

4.

45,

Nb-U 49.

Eggers &
Peter

Vogel &
Erlang

Wallbaum
Elliott

Begley

Duwez

Elliett

Grube

et alii

Pogodin

Kubaschewski &

Schneider

Wallbaum

Brewer &

Krikorian
Knapton

Kieffer
et alii

Carlson
et alii

Chiotti

Saller

Das Zustandsdiagramm EisensNiob., Mit. K-W
Inst. Eisenforschung zu Diisseldorf, Vol. 20
1938; . 199.

Das System Eisen<Eisenwolframid-Eisentitanich.
Archiv fur das Eisenhuttenwesen, Vol.12, 1938,

August 1954. o B N
Development of Niobium=Base Alloys. WADC

Teehnical Report 57-344, Part I, May 1958,
p. 83 (ASTTA No. AD=155583),

The Allotropiec Transformation of Hafnium.
JAP, Vol.22, 1951, p.1174.
Ref. 35

Uber die Gewinnung von Festen Niob=Nickel=
Legierungen durch Reduktion von Niobpentoxyd
bei Gegenwart von Nickel. Zeitschrift fiir
Elektrochemie, Vol.45, 1939, p.881.

The Constitution Diagram of Ni=Nb System.
Comptes Rendus, Académie des Sciences, URSS,
Vol.31, 1941, p.895.

Measurements on the Oxidation=Resistance of Highs=
Melting-Point Alloys. JIM, Vol.75, 1948, p.403
(414). (Solid solution of Ni in Nb).

Zur Legierungschemie der Ubergangsmetalle.
Naturwissenschaften, Vol.31, 1943, p.91.

Reactions of the Refractory Silicides with
Carbon and with Nitrogen. USAEC, University
of California Radiation Laboratory Report 2544,
1954.

The System Niobium=Silicon and the Effect of
Carbon on the Structures of Certain Silicides.
Nature, Vel.175, 1955, p.730.

Beztrang zum Aufbau der Systeme Vanadin-
Silizium und Niob=Silizium, 2ZM, Vol.47, 1956,
D. 247.

Thor tum=Niobium and Thorium-Titanium Alloy
Systems. TAIME, Vol,206, 1956, p.132 (also
JOM, Vol.8).

Htgh Temperature Crystal Structure of Thorium.
JES, Vol,101, 1954, p.567,

Compilation of U.S. and U.K. Uranium and
Thorium Constitutional Diagrams. BMI Report
1000, June 1955,

t There is no Reference 46
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Nb=Zir*

52.
53.

54 3

Melntosh &
Bagley

Pfeil

et alii
Rogers &
Atkins
Rogers &
Atkins
Knapton

Selection of Canning Materials for Rsactors
Cooled by Sodium/Potassium and Carbon Dioxide.
JIM, Veol.84, 1956, p.260.

The Uranium=Niobium Alloy System in the Solid
State. JIM

<
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©
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The Zirconium-Columbium Diagram. USAEC,
Report ISC=500; 1954.

Zirconium=Columbium Diagram. TAIME, Vel.203,
19555 @ul@gis

Ref. 16.

1.1.3 Systems Studied in a Few Respects only

General

Nb-A1*

Nb-As

Nh-B**

Nb-Cr*

58.

59,

60.

62,
63.

67.
68,
69.
70.

MecIntosh

Olshausen
Brauer
Heinerth &
Biltz

Andersson &
Kiessling

Norton
Andersson &
Kiessling

Kaufmann
et alii

Deve lopment of Niobium=Base Alloys. WADC
e cal Report 57-344, Part II, Dec.1958,
(ASTIA No.AD=155583), p.100 (Critical survey
of 55 possible additive elemenits).

A Columbium Primer. JOM, May 1958, p.340.
(General aspect of Nb=X equilibria).

The Development of Niobium., JIM, Vol.85,
April 1957, p.367 (Genéral survey).

]
o

=3

—~

Strukturuntersuchungen nach dér Debye-Scherrer=
Methode. ZK, Vol.61, 1925, p.475.

Uber die Kristallstrukfir von TiAl,, NbAL,,
TeAl, und ZrAl,. ZAC, Vol.242, 1939, p.l.

Darstellung und Dichten einiger Phosphide und
Arsenide. ZAC, Vol.198, 1931, p.171.

Investigdtions on the Binary Systems of Boron
with Chromium, Columbium, Nickel and Thorium,
Including a Discussion of the Phase ‘TiB’ in
the Titanium-Boron System. ACS, Vol.4, 1950,
p. 160,

Ref.13, p.749.

Ref, 61,

The Metallurgy of Beryllium. TASM, Vol.42,
1950, p.801,

Investigation of Alloys of Niobium with
Lanthanium and Cerium. JIM, Metallurgical
Abstracts, Vol.27, 1959, p.175,

Ref.35, p.18.

Ref. 36,

USSR Academy of Sciences, Vol.3, 1956, p.68.
Ref.41, p.410,

]
o
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Nb=Cu*

Nb-Ge

Nb-Las*

Nb-Mn*

Nb-0s**

Nb-P

Nb=-Pd**

Nb-Rh**

14,

5.

76

KB

8.

80.

81.
82.

83.
84,

85.
86,

81.
88.

Duwez &
Martens

Goldsehmidt

Elliott

Carpenter

Dwight &
Beck

Geller
et alii

Savitsky et alii

Wallbauni
Greenfield &
Beck
Elliott

Geller
Knapton

Schonberg
Biltz &
Kécher

Knapton
Greenfield &
Beck

Geller
Greenfield &
Beck

Greenfield &
Beck
Dwight

Biltz &
Kdcher
Schénberg

Crystal Structure of TaCr, and CCr,. TADE,

Vel.194, 1952, p.72.

The Nb-Cr System. JLOW, Vol.3, No.1, 1961,
b.44.

Ref. 35.

The Superconductivity of Some Transition Metal

Compounds. Physical Review, Vol.93, 1954,

Journal of the American Ceramic Society,
Vol. 77, 1955, p.1502.

Close-Packed Ordered Structures in Binary
AB, Alloys of Transition Elements. TAIME,
Vel.215, 1959, p.976. Trans. Metallurgical
Society of AIME,

Some New Intermetallic Compounds with the
‘BsWolfram’ Structure. Jourhal of the
American Chemical Seciety, Vel.77, 1955,

Ref. 66,

The Sigma Phase in Binary Alloys. TAIME,
Vol.200, 1954, p.253.
Ref.35.

Ref. 76,
Ref. 17,

Ref.5, p.226.
Uber das System Tantal/Schuefel. ZAC, Vol.238,
1938, p.8l.

Ref. 75,

Uber das System Niob/Schwefel. ZAC, Vol,237,
1938, p. 369,

The Tungsten Carbide and Nickel Arsenide
Structures, Acta Metallurgica,Vol.2, 1954, p.427.
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Nb-Sn

93,
94,

Geller
Matthias
et aliil

1.1.4 Unstudied Systems

Nb=Ag*

Nb= Au
NbsLi

1.9.1 Effects

Oxygen

Nitrogen

Hydrogen

Carbon

See also Section 1.4(a):

95.

96.
917.
98.
99.
100.
101.

101a.
101b,
102,
103.
104,
105,
106.
107.

108,
108a.

Nb=Ba
Nb=Mg -

» "
z 2
77
-
o -

Begley
Seybolt
Sehofield
Tottle
Saller
Klopp
Vaughan &

Rose
Begley

Leadbetter

Brau
Ang
ert
Saller
Klopp
Begley

r

Re (D

0’Driscoll &
Miller

wilcéi

Saller

Bi = Nb-Ca - Nb-Cd* -

Ref.76. N
Superconductivity of Nb,Sn. Physical Review,
Vol.95, 1954, p.1435.

< NbsHg = Nb=In - Nb=K =

Nb=Zn**.

Effects of Structure and Purity on Cb. TAIME,
February 1961, p.19.

Ref.36. (Effect of 0 and N on the contamination
of welded pieces)

Ref.1. (Influefice of O on hardness).

The Melting Point of Niobium. JIM, Vol:85,
1957, p.372. (Influénce of 0 on hardness).
The Physical and Mechanical Properties of
Niobium. JIM, Vol.85, 1957, p.375.

Initial Investigations of Nb and Nb Alloys.
BMI Repofrt 1003, 23/5/58.

High 0 Oxidation and Contamination of Nb.

BMI Report 1170 or TASM, Vol.51, 1959, p.282.
The Tensile Properties of Niobium. UKAEA
Report IGR-TN/C-583, Nov.1958.

Effects of Oxygen and Nitrogen on Workability
of Cb. ASTM Special Technical Publication
No.272, 1960, p.56.

Effects of Oxygen on the Properties of Zone-
Refined Nb. JLCM, Vol.3, No.1, 1961, p.19.

Refs, 3 and 4.

Some Properties of Columbium Containing
Nitrogen. TAIME, Vol.197, 1953, p.1032.
Ref.99, p.7 and pp.10-17.

Ref, 100,

Ref.36.

Purification of Niobium by Sintering. JIM,
Vol.85, 1957, p.379,

Ref.4.

Effects of Hydrogen on Dislocation Locking
in Nb. JLCM, Vol.2, No.2, 1960, p,297,

Ref. 99,
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General Review

Nitrogen

Tantalum

Fe-7Zr-Si-
Ti etc,

'lli‘;

111.

114,

115.

116,

117,

119,

120,

Mallett

Ni-ebuhr

Fassel

Fagel

Begley
Société
Kulhmann
Codell

Hansen

Durand

Harris

Harris
Begley
Société
Kulhmann
Gonard

Begley
Theodore

Begley
Reed

Sociéte

Determination of O = N = H = C in Mo = W -
Nb - Ta. DMIC Memo 49, 31 March 1960
Praxis der Gasbestimmung in hochschmelzenden
Metallen (Gas Determination in Refractory
Metals). Proceedings of Third Plansee
Semina¥, Metallwerk Mansee, Reutte, Tyroel,
June 1958, p.313.

Spectrographic Determination of O, N = H in
Metals. Atomic Energy Conference, United
Natiens, Geneva, Sept.1958, No.917
Determination of O = N = H in Refractory
Metals. Amalytical Chemistry, Vol.31, 1959,
»I?);. 11153

Westinghouse Research Report 6-=94602-9-R13,
August 1957,

Technology of Cb. Report of the Electro«
chemiical Society Meetihg, 12 May 1957,
Washihgton, B.57.

Ref.36, pp.94=97.

Levallois, Prafice, unpubl ished.

Determination of Oé in Metals. ASTM Special
Technical Publication No.222, 1958.
Determination of O, in Nb. Analytical
Dosage de O,. s@ciété‘Fraﬁéaise de
Métallurgie, October 1959.

Westinghouse Research Report 6-94602-9-R10,
June 1957.

Ref. 115.

Ref.36, D.9%4.

Levallois, France, unpublished.

The Determination of N in Nb, Westinghouse
WAPD-CTA 203-UC4, 24 April 1956,

Ref.36, p. 94,
Westinghouse Materials Eng. Rep. 5704-4015-A,
April 1957,

Ref.36, p.9%.

Technology of Cb. Electrochemical Society
Meeting, 12 May 1957, Washington, p.54.
Ref.124,

Analytical Chemistry of Niobium and Tantalum.
Analytical Chemistry, Vol,25, 1953, p.926.



1.3 Diffusion

The knowledge 6f the charactéristic
to elements @,:N,

the case of niobium,

of the diffision couples Nb=-X is limited, if
SV'C; No information concerning metallic

elements seems to have been provided yet.

(behav1our ln

Nitrogen 133,

and

oxygen

134,
135.

136.

1317.

138.

139.

139a.

General 142,

145a.

gaseous‘medlum).

Resnick

ARE

Klopp
Sims

Klopp

diua Pont
de Nemours

Michael
Kling
Klopp
Beach
Beach

Wert

Wagner
Kubaschewski
Marx

Powers

!

The
Pe

Self-Diffusion of Cb. TAIME, April 1960,
07

fusion Coefficient of
rgica, Vel.1, 1953;

Actwatwn Er} rgies and Di

Studzes of the Oxidation and Contamination
Resistance of Binary Nb Alloys. (Ti = Cr = Zr =
VeMo=7Ta - W)at 80=1,000° in Air. BMI
Report 1169 or Trans.ASM, Vol.51, 1859, p.256.
Oxidation and Contamination Reactions of
Niobium and Niobkium Alloys. Battelle Memorial
Institute Report 1317, February 1959.

(Diffusion of O and N i Nb (p.16) and in binary
alloys (p.34)].

Diffusion of 0 and N in Alleys of Nb 10Ti 10Mo
(p.10=12). Technical Memo Nb 10Ti 10Mo and U.S.
Patent 2, 822, 268, 1958.
Oxidation of Nb=Base Alloys.
Buffalo, May 1958.
Development of Oxidation Resistant Alloys.
Technology of Cb. Wiley, New York, 1958, p.87.
Ref, 1a.

AIME Conference,

W;ley. New York l958 p‘81,
Electroplated Metals. BMI No.1004, May 1955.

Measurements of the Diffusien of Interstitial
Atoms in BOC Lattices. JAP, Vol.21, 1950,
The Formation of Composite Scales.
p. 571, November 1956,

Oxidation of Metals and Alloys.
London, 1953.

The Internal Friction of Nb.
Vol.1, 1953, p.193.
Some Internal Friction Studies in Nb,
Vol.209, 1957, p.1285,

JES, Vol.103,
Butterworths,

Acta Metallurgica,

TAIME,



1.4 Behaviour in & Gaseous Environment at Elevated Temperature
(&) Oxygen “ Metal| T (o) | Pressure | Remarks
146. Gulbransen & Reactions of Zirconium, Nb  1100-370 0.1 atma;bafﬂbolic
Andrew Titanium, Columbium and §
Tantalun with the Gases, | @
Ozygen, Nitrogen, and | ]
Hydrogen at Elevdted | 1
Temperatures. JES,Vol, 96) |
December 1949, b.364. | ! |
147. Gulbransen  Kinetics of the Reactions| Nb 200375 | 0.1 atm |parabolic
of Niobium and Tantalum | |1aws
with Oxygen, Nitrogen, |
and Hydrogen. TAIME,
Vol.188, 1950, p. 586,
(i ial 6f Metals), |
148. Begley Ref.36, b.39=59. . Nb |
149. Aylmore Oxidation of Niobium | Nb
et alii in the Temperature |
Range 350°-750°C. I
JES, Vol, 107, June 1960,
Ps 495.
150. Gulbransen & Oxidation of Niobium | Nb  |375-700 |
Andrew Between 375°C and 3
700°C. JES, Vol.105, | | ‘ |
Jan. 1958, p.4. | | |
151. Kolski Co lumbium=Oxygen  Nb  [450-1200 | 1 atm dry|
Reactions from 450 to ; | |
1200°C. AIME Confer- ‘
ence, Chicago, 2 November
1959.
151a. Jaffee High Temperature Oxida-
tion of Cb. TASM,
Vol.51, 1959, p.282. |
151b.Zmeskal &  Oxidation of Zirconium- | Alloys|
Brey Niobium Alloys in INb+ Zr|525-1090 | 100 mm
Oxygen at 525-1090°C. | ‘ i
ASM Preprint 53, 1 :
No.207, 1960. | .
151c.Cathcart &  Influence of Reactor Nb 400 | 760 Under
Young Radiation on the Oxida- ‘ 1irradiatien
tion of Niobium, ‘
Corrosion, Vol.17, No.2,
1961, p.77. |
151d.Kofstad &  Oxidation of Niobium - Nb | 500- | 0.1-
Kj6llesdal  (Columbium) in the ‘1200 | 760
Temperature Range 500° | {
to 1200°C. TAIME,
Vol.221, April 1961,
p. 285,

=700 | 0.1 atm |
0=700 | 1-0.1 atm

| d |parabolic to

| wet |1inear at 400°

£
T
or
©

=




S
(LY

| Metal] T (°C) | Pressu Remarks

[
(=4
?
)
[=4
=4

1 atm

152. Klopp Effect of Alloying on
et alii the Kinetics of Oxida= |

tion of Niobium. Peace= |

ful Uses of Atomie

Energy, Conference,

Geneva; September 1958, |

N6, 7 y Vol. 6:; Ps 293,

Nb |

153. Klopp

154. Klopp

155. Bridges &
Fassell

| Nb | 400-140

e Oxida= | Nb | ¢4

, ium, JES, | i ‘

Vel,103, 1956, p.326. | | I b

156. Goldschmidt X-Ray Investigation on | Nb |400-1,050| I atm |influence of
Nb,0,. JIM, March 59, | | ldry or wet|sample size
p- 235. f | | |

rgent & The Oxidation of | Nb |400-1,050| I atm |influence of

157. :
helps Niobium. JIM, Vol.88, | ; |dry or wet |sample size

March 1960, p.301. i |
(b) Nitrogen ! 5

158. Gulbransen  Ref.146. | Nb 100370
159. Gulbransen  Ref.147. | Nb ]200-375 |
160. Klopp Ref. 100. | Nb  [600-1400 |
161. Klopp Ref.136. | Nb  |800<1000 |
162. Albrecht Reaction of Nitrogen | Nb |675-1600 |

with Niobium. BMI r I [

Report 1360, July 1959, |

atm
atm
atm
atm |
atm [parabolic laws

= =)
Dt
bt et b gk (N

(¢) Hydrogen

163. Gulbransen
164. Gulbransen e
165. Brauer Ref. 4. | ,
166. Albrecht Ref. 7. | | |
167. Wilcox & Effect of Hydrogen on | ‘
Huggins Dislocation Locking in
Niobium, JLEM, Vol.Z2,

April-August 1960,

e

o)
Ity
o

M:‘h
>

. 146. | Nb {100-370
4. | ~b {200-375

o
[

—
o
~
k.
e
=1

f

168. Argent Ref, 157, { Nb |400-1050

169, Inouye Scaling of Cb in Air. | Nb  |400-1200 t (parabolic at
Oakridge National | i 400° linear
Laboratory Report 1565, | | | |above
September 1955, | ‘

170. Klopp Ref. 100. | Nb 1600-1400 | dry
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171,

176.

1717,

179.

180.

181.

Klopp

Klopp

Sims

Paprocki

Michael

Bridges

Kling

Clauss

Barrett

Inouye

Cathcart

Metal)

C) | Pressure |

Remarks

Ref. 136.

i
i

Ref. 152.

Tnvestigation of Some
Niobium=Base Alloys.
BMI, Report 1143,
October 1956,

Ref.138.

Ref. 155. Pps 10- 12.

Ref.139.

Effect of Binary Alloy

Additions on the
Oxidation Resistance
of Cb. Technology of
Cb, Wiley, New York,
1958, p.92.

Oxidation of Cb-Cr
Alloys at Elevated 6,
Technology of Cb.
Wiley, New York, 1958,

p. 96.

Scaling of Nb in Air,
AIME Conference,
Buffalo, 19 March
1956.

The Microtopography of

Oxide Films in Nb.
JES, Vol.105, 1958,
p.442.

jailcﬁ;gfs

J

Nb

lal1oys|

g

I Nb
lalleys)

lallows |

lalloys

lalloys

|alloys

|alloys

- 45 -

6001000

980

=
=)
<=1
(=]

1000-1300

1000

0 [dry or wet
0 idry or wet

dry

dry

dry

dry

dry

dry

| humidity: 35 =
176 and 100%
|binary with V=
{ Mo6=CF=Ti=Zr=W
| ternary with
ﬁMOaCf=Ti=W

| binary with Ti=
Cr=Zr-V-Mo=Ta-W
binary with Zr
| Al1=Mo=Fe=Cr=Ni=
| V-¥-Ta

| binary and
;ternary with
| WCr=A1:8i-Co-Ta

‘alloys Nb 10Ti
10Mo

‘binary with Ti=
‘VeMo

|81i-Ti-v-Cr-Fe-
{Co=Ni=Cu=Ge=Se=
| Zr=Mo=Ta-W-Re-
Ir

alloys Cb-Cr
(1 to 17%)




181a. Klopp

(&) Water vapour

182, Begley

Oxidation Behaviour of Cb.

DMIC 123, January 1960:

Ref.55, p.77-94 (Nb unalloyed, temperatures 200=1100°C, p = 50 n

w

(f) Miscellaineous

1835 Sibért

183a. Maykuth
183b. Klopp

183¢. Maykuth

Study of the Equilibrium of C and O in Nb with €O above 1600°C.
Third Reactive Metals Conference, Buffalo, May 1958.

The Fabrication of Cb Alloys for Use in Pressurized Water Reactors.
AIME Symposium on Columbium, Lake George, June 1960.

The Hot Water Corrosion of Cb.
George, June 1960.

AIME Symposium on Columbium, Lake

Development of Corrosion Resistant Cb Alloys.
May 1960.

BMI Report 1437,

1.5 Protective Coatings

Publications on this Subject still present many gaps.

184. Beach

185. Beach
186.  Beach
187.  Faust

188,  Spretnak

Saubestre

ot
Q

tory
Washing=

ton
Hirakis

Kates

Paprocki

Biickle

Klopp

Procedures for Electroplating Coatings on Refractory Metals. DMIC

Memo 35, 9 Oct.1959.

Ref. 140.

Ref. 141.

Plating on Unusual Metals.

Plating, Sept. 1956, p. 1134,

Protection of Nb Against Oxidation at Elevated Temperature.
Report 467, U.S. Dept. of Navy, b.16.

Status

Electroplating on Certain Transition Metals. JES, April 1959, p,305.
Zn Process Prevents Cb Oxide.

p. 22,

Missiles and Rockets, 4 Jan.1960,

Research for Coatings for Nb. Report Horizons No.4, April 1957.

Quarterly Progress Report, Sylvania Corning Nuclear Corporation,
, 15 February 1958,

€ladding of Nb with Fe-Cr-Al Alloy. BMI Report 1207, 16 July 1957.

Coating with Refractory Oxides or Cladding with Platinum Group Metals.
Metallforschung, Vol.1, 1946, p.8l.

Oxidation Behaviour and Protective Coatings for Nb and Nb Alloys.
DMIC 123, 15 Jan, 1960,

94,69



196. Sandoz  Ceating Cb for Higher Temperatures. JOM, April 60, p.340, (Zn).
196a. Wainer  Protection of Cb from Oxidation. U.S. Patent 2.833,282, April 1959,
196b. Klopp Zinc Coatings for Protection of Cb. DMIC Memo 88, March 1961.
196¢. Klopp Review of Recent Development on Coatings. DMIC Memo 102, April 1961.
196d. Wlodek  Coatings for Cb. JES, Vol.108, No.2, 1961, p.177.

The University of Il1lineis is conducting, under a WADC éontract, a research program

on protective ceramic coatings : various types of coating : paint type, flame sprayed
type, ¢hi: see e Mmos LR pro

1 type; this last type seems to offer the most interesting prospects.

Union Carbide torporation has developed satisfactory coatings which stand up to over
1000 hours at a temperature of i,150°C, or over 700 hours at a temperature of 1,250°C.
Behaviour is satisfactory after 20 successive quenchings by water at 1,150°C and creep
characteristics under normal atmospheric pressure for 100 hours at i1,150°C are identical
to behaviour in vacuo.

Investigations are directed towards reaching temperatures of 1,350-1,650°C.

2.1 Phase Diagrams

197b. Vaughan Determingtion of Interstitial Solubilities in
Ta. BMI 1472, October 1960.

2.1.1 Systems vhich can be Regarded as Known

Ta-0 197. Gebhardt The Solubility of Oxygen in Ta and its Effect
on the Properties. 2ZM, Vol.48, 1957, p.430.
198. Gebhardt Solution and Oxidation in Ta-0. ZM, Vol.48,
1957, p.503.
199. Gebhardt & Vorgange bei der Warmebehandlung von savers-
Seghezzi toffhaltigen und oxydiertem Tantal., 2ZM,
Vol.48, 1957, p.559.
200. Gebhardt Solubility of O in Ta and the Related Changes
in Properties. 2ZM, Vol.46, 1955, p.560.,
201, Wasilewsky The Solubility of Oxygen in, and the Oxides of,
Tantalum. Journal of the American Chemical
Society, Veol,75, 1953, p.1001,
202, Schénberg Ref. 5, p.240,
203, Andrews Reaction of Gases with Incandescent Tantalum.
Journal of the American Chemical Society,
Vol.54, 1932, p.1845.



Ta-N

Ta-l

204.

(=)
(2]

9 B B

D
Q.
o

209.
2 IO.

211.

212.

213.

214.
215.

Myers

Gebhardt
et alii

Some Properties of Tantalum. Metallurgia,

Vol.4r, 1950, p.301.

Nevere Untérsuchingen im System Tantal=Stickstoff,
Proceedings, Third Plansee Seminar, Metallwerk
Plansee, Reutte, Tyrol, 1958, p.291. (New
investigations).

See also Section 2.4.1,

Gebhardt
et alii
Ke

Gebhardt &
Seghezzi

Ref.11, p. 129.

Ref.5;, p. 199,

Superconductivity and Structure of Hydrides and
Nitrides of Tantalum dnd Columbium. Joufnial of
the American Chémical Society, Vol.69, 1947,

P 2762,

Untersuchungen im System Tantal=Stickstoff.

ZM, vol.49, 1958, p.577.

Precipitation from Solid Solution of N in Ta.
Physical Review, Vol. 74, 1948, p.914.

Nevere Erkenntnisse im System Tantal-Sauerstoff.
Proceedings, Third Plansee Seminar, Metallwerk
Plansee, Reutte, Tyrol, 1958, Dp.280. (New
investigations).

See also Section 2.4.2.

Kelley

Wajte
et alii

Brauer
Hége

The Specific Heat of Tantalum at Low Temperatures
and the Effect of Small Amounts of Dissolved
Hydrogen. Journal of Chemical Physics, Vol.8,
1940, p. 316.

Structures and Phase Relationships in the
Tantalum-Hydrogen System between -145° and 70°C.
Journal of Chemical Physics, Vol.24, 1956,

p. 634.

Ref. 4.

Rontgenuntersuchungen uber die Hydride von
Titan, Zirkonium, Vanadin und Tantal, Zeit-
schrift fir Physikalische Chemie, Vol.B 11,
1931, p.433.

See also Section 2.4.3.

Norton
Kieffer
et alii

A Study of the Refractory Borides. Journal of
the American Ceramic Society, Vol,34, 1951, p.173.
The Borides of Tantalum. Acta Chemica
Scandinavia,Vol.3, 1949, p.603,

Ref. 13, p.749.

[ber ein neues Verfahren zur Herstellung von
Metallboriden der Ubergangsmetalle, insbesondere
von Titan - und Zirkonborid, ZAC, Vol. 268,

1952, p.191,
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Post
et alii
Nowotny

Biickle

Geach &
Summe Fs=Smi th
Radtke

et alii
Myers

Elliott

Buckle
Will iams

Biickle
Schrafim
et alii

Elliott
Myers

2.1.2 Partially Defined Systems (

Ta-C**

Ta-Co**

233.
234,

235.

236.
2317.
238.
239,

240.
241,

242.
243

244.
245.

Ellinger

McMullin &
Norton
Geach &
Jones

Myers

Norton &
Mowry

Myers

Koster &
Mulfinger
Elliott
Greenfield &
Beck
Wallbaum

Kubaschewsk i
Duwez
Elliott

especially for low Ta percentages)

Transition Metal Diborides. Acta Metallurgica,
Ref. 64.

Ref.i14. (Selubility in all proportiens).

The Alloys of Molybdenum and Tantalum. JIM,

vol.80, 1951, p. 143,

The Alloys of Molybdenum and Tantalum. JIM,

vol.80, 1951, p.528. (Discussion on Ref.233).
Some Properties of Tantalum<Rich Alloys with
Wolfram and Molybdenum. Metallurgia, Vol.42,
1950, p.3.

Ref.14. (Selubility in all proportions).

Ref.14. (Solubility if all proportions).

The Alloy Systems Uranium=Tungsten, Uranium=
Tantalum, and Tungsten=Tantalum. TAIME,
Vol.188, 1950, p.195 (In Journal of Metals).
Ref.38, p 25.

Ref. 225.

The Tantalum-Carbon System. TASM, Vol.3l,
1943, p.89.

The Ternary System Ti-Ta=C. TAIME, Vol.197,
1953, p.1205,

Interactions in Mixtures of Hard Materials at
Very High Temperatures. Proceedings, Second
Plansee Seminar, Metallwerk Plansee, Reutte/
Tyrol, 1955, p.80 (and Pergamon Press 1960).
The Sintering of Electrolytic Ta Pouder,
Metallurgia, Vel.38, 1948, p. 307,

Ref.13.

Ref.
Ref,

=
N

36.
0.

)
€

RthSSv‘p922’
Ref.79.

Ref.41, pp.410 & 418,
Ref, 71,
Ref. 35, p.23.
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Ta=Ni**

Ta=08

Ta-Re

Ta=Ru

Ta-Si*

Ta-Ti*

Ta-U

246.

247,
248

249,

25‘0;

254,

267,

268,

269.

Genders
Walibaum
Myer's
Wul £ £
Knapton
Therkelsen
Kubasehewski
Nevitt &
Downey
Kaufmann
Knapton
Greenfield

et alii

Greenfield
Kaufmann
USAF Contract

Geach
Brewer
et alii
Kieffer
et alii
Wallbaum

Knapton

Schramm

Tantalum=Iron Alloys and Tantalum Steels.
Journal of the Iron and Steel Institute, Vol.
134, 1936, p.173.

Ref. 31.

Ref.236.

talum, Metals and Alleys, Vel.4, 1933, p.105.

Sigma Phases Containing Osmium and Iridium.
TAIME, Vol.209, 1957, p.1072 ¢in Journal of
Metals, Vol.9, 1957).

Work Performed at Nuclear Metals undéer US
Government Contracts.

Ref.16.

Ref.79.

Ref, 249,

The Tantalum=Rhenium Systems. TAIME, Vol.218,
October 1960, p. 910,

Ref. 79.
Ref. 65.
(Complete diagram).

Ref. 235,

High Melting Silicides.
1949.

Beitrag zum System Tantal-Silizium.
1953, p.242.

Disilizide des Niobs, Tantals, Vanadiums und
Rheniums. ZM, Vol.33, 1941, p.378.

Ref. 44.

USAEC Report AECU-607,

M, Vol.44,

Titanium-Tungsten and Titanium-Tantalum
Systems. TAIME, Vol.197, 1953, p.231.

The Constitution of Tantalum-Titanium Alloys.
JIM, Vol.81, 1952, p.73.

Titanium Binary Alloys. TASM, Vol.45, 1953,
D. 934,

Ref, 230,
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Ta-Zr*

2.1.3 Sy

ys tems

Ta-Hf**

Ta-Mn**

Ta-P

Ta-Pt**
Ta-Rh**

Ta-S

Ta-Sn

Ta-Th

Ta-v*

272,
273,
274,

375.
278.

DY
-
:Js

8 N

a3 -3

€© o
.

Shelten

Anderson
et alid
Domagala
Elliott
Wulff

Brauer
Brauer

Kaufman

Elliott
Dowson

Elliott

Wallbaum
Elliott

Schénberg

Schonberg
Zumbusch &
Biltz

Greenfield
Knapton

Greenfield
USAF Contract

Biltz

Matthias

Geller
Saller

Rostoker &
Yamamoto

Zirconium Alloys for High Temperature Service.
USAEC-AF=TR-5932, 1949,

A Prelininary Survey of Zirconium Alloys.

US Bureau of Minés, Repert 4658, 1950.

Armour Research Foundation; B 068, August 1955.
R;e f. 35.

Ref, 249;

Studied in Certain Respects Only

Ref. 1_5"935

Kristallstruktor intermetallischer Verbindungen
des Aluminiums mit Titan, Zirkon, Thorium,
Niob und Tantal. Naturwissenschaften, Vol.26,
1938, p: 710.

Ré fi 615 .

Ref.35, p.23. /
Some Alloys of Copper [with Tantalum and with

Vanadium]. Metallurgical Abstracts, Vol.4,
1937, p.606.

Ref—, 35.

Ref.31.

Ref.35, p.25.

Ref. 79,

Metallic Ternary Phases in the Mn-Ta-O Systen.
Acta Metallurgica, Vol.3, 1955, p.14.

Ref.5, p.226.
Ein Vergleich der Phosphide von Vanadium, Niob
und Tantal. ZAC, Vol.249, 1942, p.20.

Ref.18.
Ref. 16,

Ref. 18,
(Complete diagram).

Ref. 84,

A Survey of Vanadium Binary Systems, TASM,
Vol.46, 1954, p.1136.
Ref.35, p.25.
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2.1.4 Ta=Ternary Alloys with Two of the Following: W-NbsV-MosCr<Re=Os

297. Rostoker A Study of Ternary Phase Diagrams of Wand Ta. WADC TR
59-492, March 1960.

2.1.5 Unstudied Systenms
Ta-Ag* = Ta<As - Ta=Au - Ta<Ba = Ta

TasK - Ta-Ca - Ta-La** - TasLi - Ta-Mg*
Ta=Te - Ta:Y** - Ta-Zn*,

[
e B |
I -1
0l
=

Ll
#

2.2 Impurity Effects and Analysis
2.2.1 Effects
Oxygen 98. Gebhardt Ref. 197,
99. Gebhardt Ref. 198.
00. Gebhardt Ref. 200.
01. Yancey Metallurgical Characteristics of Ta. Proceeds=
ings of the Conference on Reactive Metals, Buffalo,
1956. AIME, Institute of Metals Divisién, IMD
Special Report No.5, 1956, p.102.
302. K1opp Investigation of the Properties 6f Tantalum and
its Alloys. WADC TR 58-525, Nov.1958, pp.4-6
and 14-25.
303. Andrews Ref. 203.
304. Parkins Hardness Effects of Dissolved Gases in Ta. Los
Alamos Rep. LA 2316, 15 May 1958.
305. Dravnieks Oxidation of Metals in Oxygen at High Temperature.

1950, p.3761.

Nitrogen 306. Gebhardt Ref. 209,
et alii
307. Parkins Ref. 304.
308, Wright Absorption of Gases by Ta. Nature, Vol.142,
1938, p.794.
309, Kiopp Ref. 302.

Air 310. Wright Ref. 308.
311, Klopo Ref. 302.
312. Parkins Ref. 307,

Hydrogen 313. Andrews Ref. 203.

314. Parkins Ref, 307,

316 Sieverts The Electrical Resistivity of Ta Saturated with H.
Zeitschrift fiir Physikalische Chemie, Vol.A 174,
1935, p.365.

317, Clauss- Fragilité du Tantale en Présence d’Hydrogéne.

Forestier Comptes Rendus, Académie des Sciences,

No. 23-246-3241, June 1958,
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Miscel- 318.
laneous 319.
2.2.2 Analysis
General 320.
Review 321,

Fe-Ti-Cu-323.
Nb-Mo-K

Miscel- 325,
laneous 326.
328, ¢

Oxygen  329.

2.3 Diffusion

Andrews

Myers

Mallett
Fassel
Niebuhr

Hastings &
MeClarity

Palilla
Sehoeller

Rolsten

Codell

3 (water vapour at 900=i,200°C)
236 (C = Fe = Ni).

Determination of Small Amounts of Niobium in
Pure Tantalum and its Oxide. Analytical
Chemistry, Vol.26, 1954, p.683.

Beitrag zur Analyse des Tantalmetalls. Metall
und Erz, Vol.38, 1941, p.124.

Ref.131.

Analytical Chemistry of Ta and Nb. Chapman
and Hall, London, 1937, pp.121=133.

High Purity Tantalum, TAIME, June 1959,p.472.

Ref.118.

As in the case of niobium, the knowledge of the characteristi¢s of the diffusion
couples TasX is limited to gaseous elements.

Nitrogen 330.
and 331.
oxygen 332.

333.

334.

Ang
Dravnieks

Bakish

Klopp

Ref.133.

Ref. 305.

Internal Friction in the Solid Selution of O in
Ta. Physical Review, Vol.74, 1948, p.9.

Stress Relaxation by Internal Diffusion tn Ta.
Physical Review, Vol.74, 1948, p.16,

Ref.210.

The Diffusion of Oxygen in Ta. 2ZM, Vol.48,
1957, p.624.

Internal Friction of Selid Selution of O in Ta.
Acta Metallurgica, Vol.3, 1955, p.135.
Oxidation of Ta Base Alloys. AIME Conference,
Buffalo, May 1958.

Metallographic Manifestations of the Air
Oxidation of Tantalum at 750°C. JES, Vol.105,
1958, p.T71.

Investigation of the Properties of Tantalum

and its Alloys. BMI Quarterly Report, Jan,1959,
Contract AF 33-616-5668.

t There is no Reference No, 327

2533



339a. Klopp Ref. la.

Carbon 340: ke Internal Friction in the Solid Solution of C in
Ta. Physical Review, Vol.74, 1948.

341 Powers C=Ta Iriternal Friction. JAP, Vol.28, 1957,
Ps255.

Iron 342; Vasilev Universite Lenina, Vol.65, 1955, p.47.

Miscellaneous 343. Klopp
344. Ke 33
345. Marx The Internal F
Vol.i, 1953, p.
346. Wert Ref.m42_
341, Kubaschewski  Ref. 144.
348. Powers Internal Friction of Solid Selutien in Ta.
Acta Metallurgica, Vel.4, 1956, p.233.
348a. Doyle Internal Friction in Solid Selutiens of Ta.
Acta Metallurgiea; Vol.4, 1956, p.233.

ion of Ta. Acta Metallurgica,

2.4 Behaviour in a Gaseous Environment at Elevated Temperatuie
2.4.1 Oxygen

f Mbtal} T (WS) Qf%éésure - Remarks

349  Gulbransen Ref.146. Ta | me 370 0.1 atm |parabolic laws
350. Vermilyea The Oxidation of Teat | Ta | 50-300| 1 atm Jlinear laws
50=300°C. Acta Metal- t j | ;
lurgica, Vol.6, 1958, | |

p. 166. : i | |
351. Gulbransen Reactions of Columbium | Ta | 250-450 | 0.1 atm [paraboli

»-c
0
(e
®
€
it

& Andrew and Tantalum with 0 N ‘
and H JOM, Vol, 188 )
March 1950.19.586, ! .
352, Dravnieks Ref.305. | Ta 500 | 0.5 mm |linear laws
353. Peterson  High Pressure Oxidation | Ta | 500-1000|0.2-40atm|linear laws
ot alt’ »f Metals: Tantalum in ! ‘ |
Mxygen. TAIME, Vol.200,
1954, p.1038,

374, Gebhardr Ref.198. | Ta | 800-1500] 1 miecron [linear laws
i35,  Albrecht  Investigation of the Ta | 600-1400

‘lo

.2-1 atm|linear laws
Properties of Tantalum
and Its Alloys.
Battelle Memorial
Institute, BMI Quarterly
Report, Jan, 1959, Con-
tract AP 33-616-5668.
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3580,

358¢.

2-403

364,
365,

366.
368!

Baur
et alii

Bakish

Andrews
Cowgill &
Stringer

Cathecart
et alii

Pawel
et alii

Nitrogen

Gulbransen
Gulbransen
Bakish
Albrecht

Hydrogen

Andrews
Wagner
Kubas-
chewski
Gulbransen
Bakish
Clauss

High Pressure Oxidation
of Metals, Oxidation of
Metals under Conditions
of Linear Temperature
Inerease. JES, Vol.102, |
1955, P.490. |
Some Observations on
the Effect of the Inter= |
action of Tantalum with I
Oxygen, Nitrogen, and
Hydrogen. JES, Vol.105, |
1958, p.574. |
Ref. 203,
The Effect of Oxygen :
Pressure on the High
Temperature Oxidation of
Tantalum. JLEM, Vol.2,
No.2, 1960, p.233. !
Oxidation Properties of .
Tantalum between 400° |
and 530°C. JES, Vol.107,
No. 8, Aug.1960, p.668.
Microtopography of Oxide
Films Formed on Tantdlunm,
JES, Vol.107, No.12,
December 1960, p.956.

Ref.351.
Ref, 146.
Ref.357.
Ref, 355.

Ref.203.
Ref. 143.
Ref,144.

Ref. 146.

Ref,357.

Revue de Métallurgie
Scientifique, November
1959 (Fragilisation de

Ta par H?) p.614;also
Proceedings, Third Plansee
Seminar, Metallwerk
Plansee, Reutte/Tyrol,
1958, p.277.

3

' Ta
- Ta

Ta
Ta

-2
3]
=)

250-350
500-850
750

1500

20°

300700 |

| 350-800 |

760

760

-3
N
=4

parabolic laws

E'parabolig laws

{ linear




| Metal| T (°C) | Pressure | Remarks
' 1 | :
369.  Waber A Spectrophotometric | Ta | 200-300 ¥ dry logarithmic law
et alii  Study of the Oxidation ! ' 320-350 | dry parabolie law
of Tantalum. JES,
Vol.99, 1852, p.121. 1
370, Bakish  Ref.357. dry ‘*nﬁear law
371, MNichael  Ref.337. | 1 dry
la | | dry
. isTf
372.  Klopp Ref. 339, | Ta | 500-1000f dry |
lalloys| 1200 | Ibinary alloys
S B A ”Zfaﬁf=VaNbaM©=w
373.  Kubas- Ref.41. I Ta | 1250 dry |
chewski |alleys| 1250 | dry
374.  Myers Ref. 225, laltoys| = | =
* A 1 QTa W
374a. Albrecht Reactions of Pure Ta | Ta | 460-1500[dry or wet|
with Air, Oxygen, | f | !
Nitrogen. TAIME, | | ‘
February 1961, p. 110, } ! | |
374b. Klopp Effect of Alloying in Ta. |alloys|1000-1400} | binary & ternary
ASM Preprint 221, 1960. | ; |with Ti=Zr-Hf=
! ‘ 1 VéCbQWElMQQ:Re

2.4.5 Miscellaneous

375.  Andrews Ref.203 (Ta, 800-1200°C, water vapour hydrocarbons),
376. Wright Ref, 308.

2.5 Protective Coatings

Publications in this subject are almost non-existent

377, van Gilder Electrodeposition of Gold on Ta, U.S. Patent 2492 204, Dec, 1949,

378. Beach Ref, 184,

379, Faust Ref. 187,
380. Saubestre Ref, 189,
380a. Klopp Ref. 196¢.

The research work carried out by the University of Illinois and mentioned im relation
to Nb is similarly conducted for Ta.

Flame sprayed Al,0, coatings have also been contemplated.
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3. TUNGSTEN

3814 Klopp Ref. la.

3.1.1 Systems which can be Regarded as Known

WiMﬁ 381 .
328:2‘.

383.

384.

=
"
=
3
W L) W
©w 00 0O GO
G’@'?‘dl

Blickle
Jeffries

Geiss &
van Liempt
Richards

Kaya &
Kussmann

Biickle

Biickle
Schramm
Elliott
Myers

3.1.2 Partially Defined Systems

W-Al** 391,

392.

394.
396.

398.

399.

401,

Clark

Adam &
Rich

Kiesslin~

Brewer
Kieffer
Glaser

Kaufmann
Misch

Schwartzkopf
Nowotny
et alii

Ref.14. (Solid selubility in all proportions).
Tungs ten=Mo lybdenum Equilibrium Diagram and
System of Crystallization. TAIME, Vol.56,
1917, p.600;

Zur Kenntnis des bindren Systems Wolfram=

Mo lybdan. 7ZAC, Vol.i128, 1923, b.355.

The System of Tungsten-Molybdenum. TAIME,
vol.56, 1917, p.618. [Discussion of the papers
of Z. Jeffries (p.600) and F:A.Fahrenwald
(p.612)].

Ferromagne tismus und Phasengestabtung im
Zueistoffsystem Nicke l-Maghan. Zeitschrift

Ref:14. (Solid solubility im all proportions).

Ref.14. (Solid solubility in all proportions).
Ref.230.

Ref.35, p.23.

Ref.225.

The Aluminium=Tungsten Equilibrium Diagran.
JIM, Vol.66, 1940, p.271.
The Crystal Structure of WAL
(M, CrAL .
1954, p.813.

129 MaAllé and

The Crystal Structures of Molybdenum and
Tungsten Borides. ACS, Vol.1, 1947, p.893.
Ref.216.

Ref, 219,

Contribution to the Metal-Carbon-Boron Systenms.
TAIME, Vol.194, 1952, p.391.

Ref. 65.

Kristallstrukturelle Untersuchungen von einigen
Berylliumlegierungen. Metallwirtschaft
Wissenschaft Technik,Vol,15, 1936, p.163.

Work Performed at WADC under US Government

Contract,
Refractory Hard Metals. MacMillan, 1953, p.153,

Das Driestoffsystem Titan-Wolfram-Kohlenstoff.
ZM, Vol.45, 1954, p.97.
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W=Fe**

4‘02-’

404.

409,

410;

411.

412.

413.

414,

415.

416.

417.
418.

419.

Pfau &
Rix

Brewer
Nowotny &
Kieffer

Kreitz

Késter &
Tonn
Greenfield
Sykes

Trzebiatowski

et alii

Greenaway

Kubaschewski &

Schneider
McQuillan

Greéhaway

Gregg
Sykes
Sykes &

van Horn
Elliott

Goldschmidt
Greenfield
Smith
Sykes

Sykes

Uber die Kristallforn des Wolframkarbides WC
und die Verteilung der Kohlenstoffatome in
sienem Gitter. 2ZM, Vol,45, 1954, p.1i6.

Ref. 216,

Réntgenographische Untersuchung von Karbid-
svstemen. ZM, V61.38, 1947, p.257 (published
as Metallferschung,Vol.2, No.6, 1947, p.257).

Kobalt<Wolframlegierungen. Metall und Erz,
Vol.19, 1922, p.137;

Die Zweistoffsysteme Kobalt<Wolfram und Kobalt-
Mo lybddn. 2ZM, Vel.24, 1932, b.296.

Ref.18

The Cobalt-Tungsten System. Transactions,
ASST, Vel,21, 1933, p.385.

X-Ray Analysis of Chromium=Molybdenum and

Chromium=Tungsten Alloys. Analytical Chemistry,
vol.19, 1947, p.93.

The Constitutional Diagram of the Chromium=
Tungsten System. JIM, Vol.80, 1951, p.589.

Uber die Systeme des Chroms mit Wolfram und
Molybdin. Zeitschrift fir Elektrochemie, Vol. 48,
1942, p.671.

Discussion on Constitution of Transition=Metal
Alloys. JIM, Vol.80, 1951, p.697.

Discussion on Constitution of Transition=Metal
Alloys. JIM, Vol.80, 1951, p.698.

The Alloys of Iron and Tungsten. McGraw-Hill,
1934.

Notes on the Solidus Temperatures in the Systems
Iron-Tungsten and Iron-Molybdenum. TASM, Vol.24,
1936, p.541.

The Intermediate Phases of the Iron-Tungsten
System. TAIME, Vol.105, 1933, p.198.

Ref. 35.

The Structure of Carbides tn Alloy Steels,

Part II - Carbide Formation in High-Speed Steels.
Journal of the Iron and Steel Institute, Vol. 170,
1952, p.189.

A Further High Temperature o-Phase and a Note

on the o-£ Relations. Research, Vol.4, 1951,

p. 343.

Ref. 18,

Precipitation Hardening in the Fe-W System. JAP,
Vol,12, 1941, p.817,

Composition Limits of the Alpha=Gamma Loop in the
Iron-Tungsten System. TAIME, Vol,95, 1931, p.307.
The Iron-Tungsten System. TAIME, Vol,73, 1926,
p. 968.
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WaH**

Wenf

WaNs*

W-Ni*

430,

431.
432

434.

435.

436,
431.

438.

Snith
pillen

Smithells

van Liempt

Grant

Raiib

Knapton
Taylor

Smithells &
Rooksby

Davis

Dushrian

Schonberg
Kiessling &
Peterson
Kiessling &
Liu

Biickle

Epremian &
Harker
Ellinger &
Sykes
Vogel

Hydrogen in Metals. University of Chicago
Press, 1948.

Presence of Hydride in W. Proceedings of the
Physical Seciety, Vol.41, 1929; p.546.

High Temperature Phenomena of Tungsten Filaments.
Transactions of the Faraday Society, Vel.i17,
1921, p.485.

Hafnium Oxide in Tungsten Filaments. Nature,
Vol: 115, 1925; p.194.

Ref.35.

Work performed at MIT under US Governmefit
Contract.

100 = Jahringen Jubilauhs. Firma Heraeus,
Hanau, 1951, p.124. Also ZM, Vol.48, 19857,
Ip‘a '53.

Work performed at Westinghouse Jét Propulsioh
Laboratory under US Government Contract.

Reactions of Incandescent Tungsten with Nitrogen
and with Water Vapour. Journal of the Chemical
Society, 1927, p.1882.

The Activated Adsorption of Nitrogen on a Finely
Divided Tungsten Powder. Journal of the American
Chemical Society, Vol.€8, 1946, p.1395.
Scientific Foundations of Vacuum Technology.
Wiley, New York, 1949, p.599.

Ref.5, p.204.

The Nitrides and Oxide-Nitrides of Tungsten.
Acta Metallurgica, Vol.2, 1954, p.675.

Thermal Stability of the Chromium, Iron and
Tungsten Borides in Streaming Ammonia and the
Existence of a New Tungsten Nitride. TAIME,
Vol,191, 1951, p.639.

Etude & 1’Aide de la Micrographie et de la
Microdureté des Alliages Tungsténe=Chrome=
Nickel, Riches en W-Cr. La Recherche
Aéronautique, No.24, 1951, p.49.

Effect of Some Solid Solution Alloying Elements
on the Creep Parameters of Nickel. TASM,
Vol,46, 1954, p.701.

The Crystal Structure of Ni ¥, TAIME, Vol.185,
1949, p.267.

The Nickel-Tungsten System. TASM, Vol,28,

Uber Wolfram-Nickellegierungen. 2AC, Vol,118,
1921, p.231.
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W-0**

W-Re

W-Si

444, Glemser &
Sauer

445, Hige &
Schonberg

446, Magnéli

447, Magnél i
448 Andersson

449. Matthias &
Wood
450, Kehl
et alii
451, Charlton &
Davis
452. Rosen
ot alii

o
w

453. Raiib

454. Jafee &
Nielson

455, Hultgren &
Jaffee

456. Greenfield

4517, Greenfield
458. Knapton

459. Becker &
Moers

460, Dickinson &
Richardson

464, Kieffer
et alii

465, Blanchard &
Cueilleron

466. Aronsson

Uber Wolframoxyde. ZAC, Vol.252, 1943, p.144.

B-Tungsten as a Tungsten Ozide. Acta
Crystallographica, Vol.7, 1954, p.351.
Structure of B-Tungsten Oxide. Nature, Vol.165,
1950, p.356.

X-Ray Studies on the System Molybdenum Trioxide=
Tungsten Trioexide. ACS, Vol.3, 1949, p.88.

On the Crystal Structure of Tungsten Trioxide.
ACS, Vel.7, 1953, p.154.

Low Temperaturée Polymorphic Transformation in
‘WDQ; Physical Review, Vol.84, 1951, p.1255.

The Structure of Tetragonal Tungsten Trioxide.
Journal of Applied Physies; Vol.23, 1952, p.212.
Allotropes of Tungsten. Nature, Vol.175, 1955,
pi 131‘.

The Thermal Expansion and Phase Transitions of

WO,. Acta Crystallographica, Vol.9, 1956, p.475.

Ref.430.

Platinum-Tungsten Alloys. TAIME, Vol.180, 1949,
p. 603.

A Preliminary X=Ray Study of Binary Alloys of
Platinum with Cobalt, Melybdenum and Tungsten.
JAP, Vo0l,12, 1941, p.501.

Ref.18.

Ref.18.

Sigma Phases in Rhenium Alloys. Bulletin of
the Institute of Metals, Vol.3, 1955, p.21.
Uber die Schmelzpunkte im System Wolframs
Rhenium. Metallwirtschaft und Technik, Vol.9,
1930, p.1063.

TASM, Vol.51, 1959, p.758.

‘Refe 4300

Ref. 18,

Work performed at Nuclear Metals under US
Government Contract.

Beitrag zum System Wolfram-Silizium und Uber
die Zunderbestdndigkeit einiger silizide.

Etude du Diagramme de Fusion Tungstene=Silicium,
Comptes Rendus, Académie des Sciences, Vol.244,
1957, p.1782.

The Crystal Structure of Ni P(Fe P-Type). ACS,
Vol.9, 1955, p,137.
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467.

468.
469
WsTi** 470,
471,
472.
4%,
WZre 474,
415,
416,
477,
3.1.3 Systems
W=Ag* 4718
W-A8 479,
W=Bi 480,
W-Ca 481.
W=Cu** 482,
W-Ga 483!
Weﬁe 484!
485.
w“ﬂg 486,

Knapton
Brewer
et alii

Sehwarzkopf

Maykuth
Eastwood

Nowotny
Duwez

s Studied in Certain

Heinerth &
Biltz

Sargent

Kremer

Kremer

Jaffee

Irvin &
Russell

Systems Zirconium=Molybdenun

nd 7
Systems Zirconiun=Molybdenum and Zirconium=

High-Melting Silicides. Journal of the
American Ceramic Society, Vol,33, No.10, 1950,
. 291,

Réf . 400‘.

Ref. 266.

The Ti-Mn, TisW, Ti-Ta Phase Diagrams. BMI,
AFTR 6516, Part I, 1951,

’Réf: 4‘61 W

Ref. 268.

@
Wolfram. TAIME, Vel.197, 1953,

Wolfram.
Ref.270.
Ref.35, Ps23.

TAIME, Vol.197, 1953, p."747.

n Respects Only

Ueber Wolfram und einige seiner Verbindungen.
Annalen der Physik und Chemie; Vol.III, 1860,
p.573.

Ret. 60.

The Production of Alloys of Tungsten and of
Molybdenum in the Electric Furnace. Journal
of the Américan Chemical Society, Vol.22, 1900,
p.783.

Notiz iiber Wolfram und seinen Legierungen.
Abhandlungen aus dem Institut fiir Metallhiitten-
wesen Technische Hochschule, Aachen, Vol.1,
1916' NQ!29‘9979

Ref.481.

Considerations
BMI, T-17, 1949,

Gallium in Nuclear Reactors:
for Use as a Primary Coolant.

Uber Intermetallische Germanium verbindungen.
Naturwissenschaften, Vol,32, 1944, p.76.

The Solubilities of Copper, Manganese, and some
Sparingly Soluble Metals in Mercury. Journal
of the Chemical Society, Part 1, 1932, p.891.
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WM **

w=p

W-Pb

W-Pde*

W-Rh**

',m!!

481,

488 0

489,

490
491,

492.
493:
494.

495.

496,

497,
498.

499.
500.

501.

503.

504.

505,

506.

Tammann &
Hinniber

Busk

Sauerwald

Kremer
Zwicker

Faller &
Biltz

Sehonberg
Hartmann &
Orban

Heinerth &
Biltz

Kremer

Raub
Greenfield

Raub
Greenfield

Knop &
Haraldsen

Geiss &
van Liempt
Saller

Uber die Loslichkeit von Metallen im Quecks
silber und die Potentiale sehr verdinnter
Amalgame. ZAC, Vol.1606, 1927, p.260.

Lattice Parameters of Magnesium Alloys. TAIME,
Vol, 188, 1950; p.1460.

Zur Systematik der Vervandtschaft den
hochschme lzenden und hexagonalen Metalle mit
Magniesium und iber hochwarmiéste Legierungen
auf Mg=Th=Zr-Basis. ZAC, Vol.258, 1949, p.296.

Ref. 481,

Uber die Gamma-Phase des Mangans. (1) Der
Einfluss von Zusdtzen auf die bei Raumtemperatur
auftretende Struktur der aus dem Gamma=Gebiet
abgeschreckten Legierungen. ZM, Vol.42, 1951,
B: 251,

Uber Phosphide von Wolfram, Molybdin und Chronm.
ZAC, Vol.248, 1941; p.209.

Ref.5, p.226.

Elektrolyse in Phosphatschmelzen II uber ein
neues Wolframphosphid W P. ZAC, Vol.226, 1936,
p.257.

Ref. 60.

Ref.481.

Ref.430.
Ref.18.

Ref. 430,
Ref.18.

Uber Wolframsulfide und Wolframselenide, ZAC,
Vol.257, 1948, p.241.

Untersuchungen an Wolframsulfiden. ZAC, Vol.257,
1948, p.247.

Ref.501.

A Note on the System Wolfram-Tellurium,
Canadian Journal of Chemistry, Vol.34, 1956,
p.1142.

Zum Verhalten des Thotoxyds in Wolframglithdrihten.

Ref.49.

[

224

N
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508, Summers=Siith The System UraniumsTungsten. JIM, Vol.83,
1954\. p. 3"83 .

WsV 509 Rostoker Ref. 295.

510. Kieffer Tungsten Alloys of High Melting Point. JLCM,
et alii Vol.1, Feb.1959, p.19:

511, Armour Researéh Continuous Selid Solution (unpublished).
Poundation

Koster & Uber die Legierungsfahigkeit von Zink mit
Schmid Wolfram und Molybddan. 2ZM, Vol.46, 1955, P.462.
513. Heiumann Beitrag zur Kenntnis des Systems Zink=Chrom.

=
N
™~
=
v
-
[\~

3.4.4 Unstudied Systenms

W-Au = W-Ba = W-Cd - W=Ce** - W=Gd - W-In = W=K = WsLa** = WsLi = WsNa = W=Sb = W=Sn -
W=Se* = W=Y** = W=Zn

3.1.5 Ternary Systems

= WsTasRe by Wulff = MIT = under contract with the US Government.
= W-Ta=Zr under the responsibility of the WADC.
W with two of the following: Ta « Nb - V - Mo = CT = Re + 08

514. Rostoker Ref.297.

3.2 Impurity Effects and Analysis
3.2.1 Effects

ThO 515, Jeffries & Tungsten and Thoria. Proceedings of the
Tarasov Institute of Metals Divn. 1927 [Vol.1].
American Institute of Mining and Metallurgical
Engineers, p.395,
516. Smithells Reduction of Thorium Oxide by Metallic Tungsten.
Transactions of the Chemical Society, Vol.121,
1922, Part 2, p.2236.
517. Burgers & Zum Verhalten des Thoroxyds in Wolframgliidrdhten,
van Liempt Zeitschrift fiir anorganishe und allgemeine
518, Hiniger Krystallbildung in Wolframsinterstdben,
Chemisches Zentralblatt, Vel,101, 1930, p.2992,

Fe-Ca 519, Smithells & Unusual Microstructure in Iron and Tungsten.
Rooksby Nature, Vol,120, 1927, p,227.



Migcels 523.

laneoiis
523.

3.2.2 Analysis

General 525.
Review 526,
5217,

528,
Chemical 529.
Methods

Spectro- 530,
graphic 531.

Methods
532.
533.
534.

536,
537,
Mo 538,
cu 539,

Zapffe &
Landgraf

< Na,0 - K,0 < ThO,
British Patents

Mallett
Fassel
Niebuhr
Haymes

Smithells

Smithells

Gentry

Dyck

Rohrer

Veleker

Codell

Klopp
Michael

Tungsten Ins

van Liempt

MacLennan &
Smithells

Fractographic Exanination of Tungsten. TASM,
Vol.41;, 1949, p. 396,

121,596, 186.497;, 188.706, 155.851.

Effects of Impurities on the Properties of
Tungsten. Ref. 1169,

The Bzcrystalllzatton Process in Tungsten as
Influenced by Impurities. JIM, Vol, 86,

N v;1957, p:129. (Fe = €o).
Embrittlement of Tungsten Wires by Contaminants.
Nature, Vol.181, April 1958, p.1198.

Ref. 110,
Ref.111.
Impurities Analysis in W. Ref.1169.

Tungsten, Chapman and Hall, London, 1952,
p.305, (ThO, = Mo = Na = K= Si -« Al <« B-1L =
Ti = Fe = Ca).

Ref,529.

The Spectrochemical Analysis of Tungsten.
Metallurgia, Vel.46, July 1952, pp.47<51.
Spectrographic Analysis of W Metal Powder.
Analytical Chemistry, March 59, p.390 (Metallic
Elements).

Spectrographic Determination of Ni in Tungsten
Powder. Analytical Chemistry, July 55, p.1200.
Determination of Al, Fe, K and Si in Tungsten
Oxide. Analytical Chemistry, March 59, p.387.

Ref.118.

Ref. la,
Ref. 337.

te (in progress) (alloys W=Ni, W-Co, W=Cr),

Die Diffusion von Melybdin in Wolfram. Recueil
des T vaux Chimiques des Pays-Bas, Vol.51,

A New Alloy Specially Suitable for use in
Radium Beam Therapy. Journal of Scientific
Instruments, Vol.12, 1935, p.159.
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540, Smithells A New Alloy of High Density. Nature, Vol.139,
1937, p:490.
541, Price Sintered Alloys. Part I = Copper=Nickel=
et alii Tungsten Alloys Sintered with a Liguid Phase
Present. JIM, Vol.62, 1938, p.238.

The MAB Pamel on tungsten recommends the study of the diffusion coefficients of
€r - Rh - In = Pd = Pt = Si = Al,

3.4 Behaviour in Gaseous Environment at Elevated Temperature

(a) Oxygen M - Remarks

542, Gulbransen Ref.1169. (See also
Oxidation of W and
W=based Alloys. WADC 3 | ‘
TR=59=575, Feb. 1960, ! | | I
(Fundamental study of ‘ :
the oxidation of W), ,; |
543, Gulbransen & Thin Oxide Films on | W | 25s550 |0.1 atm |parabolic law
Wysong Tungsten. TAIME, | | ‘ |
Vol. 175, 1948, p.611, ‘ : ‘ |
544, Nachtigall Propeérties of Moly= | w |500-800 | = [parabolic, ther
bdenum at Low and f ; | | linear law
Medium Temperature. : ‘ : I\
ZM, Vol.42, 1952,
p. 23. ;
heil ['ber das Zundern von W [500-900 | -
Metallen und Legie- 1
rungen., ZM, Vol.29,
1937, p.209.

545. S

0

546. Speiser Ref.ll 500-1400 | < 1 atm

547, Millner Volatility of the W {500-1000 |oxygen
Oxides of Tungsten and dry or wet
Molybdenum in the Presence| ‘
of Water Vapour. Nature, -
Vol.163, 1949, p.601.

548, Webb Oxidation of Tungsten. W |700-1000 |oxygen dry|parabolic, then

s linear

=
®

:“b
—t
—
(=23
bt

=

700  [oxygen wet
549. Baur High Pressure Oxidation W [600-850 1,5 to 35 |linear law
t

. alii of Metals - Tungsten in atm
Oxygen. JES, Vol,103,

550, Hickman Oxide Films Formed on alloys({300-700 | 1 mm binary with Ni-

Metals and Binary Alloys. | ‘ Co=Cu-Cr-Mo

An Electron Diffraction |

Study. TAIME, Vol.180,

1949, p.547.




551,

ki

@k
e
=
w

551a. GulbFansen

(b) Nitrogen

5525

553.

Eh¥lich G.

EhTIiCﬁ‘G@

(¢) Air

554.

355.
556,

Dunn

Michael
Semmel

Kubachewski

Electromet (Union Car=
bide Metals Cémpany,
Niagara Falls) Progress
Report AF 33-616<5600,
October 1958.

Kineties of Oxidation
6f Pure W. JES, July
1960, p.619.

The Interaction of Nit=
rogen with a Tungsten
Surface. Journal of
Physical Chemistry,
Vol. 60 (10); 1956,

p. 1388,

State of Nitrogen
Adsorbed in Tungsten:

Journal of Chemical
Physies, Vol.23(8),
1955, p.1543.

The Oxidation of Tung-
sten: Evidence for the
Complexity of Tungsten
Oxide WO,, Journal of
the Chemical Society,
Part I, 1929, p.11489.
Ref.337.

The Oxidation of W and
Mo. High Temperature
Metallurgy Conference,
April 1957. Wiley,
New York, 1957,
Ref.41.

Tungsten Institute (in progress)

Semmel

The High Temperature
Oxidation of W-Cb
Alloys. ASM Preprint
161, 1959,

| Metal |

 Pressure |

Remarks

- alloys

1700

| 700-1000

1100

1000-1350

900-1250
1100

100-1250 |

dry

dry
dry

dry
dry

dry

|

ary with Sis
| Cr=Ti=Nb=Ta

| parabolic law

alloys W-Cr
binary with Ni-
Co-Cr-Fe=-Ta=Nb
alloys W=Cb




(d) Ammonia

560, Davis

3.5 Protective Coatings

Few studies have been published.

The Embrittlement of | w | 1200 | 0. !
Tungsten by Ammonia. i 1 1 |surface brit=

Adsorption 6f Carbon | w = =
Monoxide on W. Journal 3 !
of Chemical Physics, | ’ | .
Vol.27 (5), 1957,

|Metal} T (°C) | Pressure | Remarks

| tendency to

N

Metallufgia, Vol.54, I | It leness
j‘U‘Iy 195"66 bs 18. '

In the United States, tests are beifig directed towards:s

claddings (WADC)

562. Carminarro

563. Goetzel

564. Robbins

568. Boosz

569, Stephenson

1 with rare metals (Rh) (New York University)

Preliminary Study of the Protection of W by
Coatings of Rh. Ref,1169.

Plating on Tungsten. Metallurgia, Vol.55, 1957,
p. 257,

Ref.184.

Chemical and E lectrochemical Surface Treatment
of Mo and W, Metall, Vol.12, 1958, p.508.

On the Formation of Oxide Films on Tungsten,
Metall, Vol,11 (6), 1956, p.511-17,

Plating of Tungsten with Titanium and Zirconium,

York, 1958,
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4.1.1 General

576.

571.

580.

580a.

Northcott

Ham

Harwood (Editor)

Semchysen

Pipitz

Ward

Bigeon

Greenfield

Bloom

Greenfield

Raub

Klopp

Alleys of Mo. Molybdenum, Butterworth, 1956,

‘Ch\. }75 E. i 15 B

An Introduction to Arc=Cast Mo and its Alloys.
ASME, Report 50=A=70, 1950;

The Metal Molybdenum. Proceedings of a
Symposium spofisored by the (U.S.) Office of
Naval Research, September 1956. ASM Publication,

Development and Properties of Are<Cast Mo Alloys.
Ref.572, p.2817.

The Effect of Alloying Additions on Mo. ZM,
Vol.46-3/1955, p.187.

The Alloying Behaviour of Mo. A Survey of

Published Work. Armament Research Establishment,
Metallurgy Report 25/54, November 1954.

Molybdenum and its Compounds. Industrie Chimique,
March 1956, p.85.

Intermediate Phases in Binary Systems of Certain
Transition E lements. JOM, February 1956, p.265.

An Investigation of the Systems Formed by Cr-Mo=Ni,
JOM, February 1854, p.261.

The Sigma Phase in Binary Alloys. JOM, February
1954, p.253.

Metals and Alloys of the Pt Group. JLCM,
February 1959, p.3.



584.

585.

586,

oy
o
-1

c,;‘A
=
o

Mo-Nb 589,

Mo-Ta 590,
591,
593.
594.

595.
596.
597.
598.
599.

Baen &
Duwez
Kubaschewski
Putnamn

et alii
Kessler &
Hanisen
Bloom &
Grant

Ham

Ham
Trzebiatovski
Biickle

Bickle
Geach
Schumb
Myers
Elliott

Biickle
Jeffries
Geiss
Richards
Kaya

4.1.3 Partially Defined Systenms

**Mo=Al 600,

**Mo-B  601.
602.
603.
604.

605.

Ham

Brewer
Post
Steinitz
et alii

Gilles &
Pollock

(Complete solid solubility)

Constitution of Iron<Chromium-Molybdenum Alloys
at 1200°F. TAIME; Vol.191, 1951, p.331.

The Ternary System Chromium=MolybdenumsIron.
TASM, Vol.43, 1951, p.824.

A Study of Arc<Melted Molybdenum=Rich Chromium=
Molybdenum Alloys. TASM, Vel.42, 1950, p.1008.
An Investigation of the Systems Formed by
Chromium, Molybdeniim, and Nickel. TAIME,

Vol. 200, 1954, p.261.

Ar¢=Cast Molybdenum=Base Alloys. Climax
Molybdenium Company First Annual Report,Project
MR 031-331, April 1, 1950.

An Introduction te Arc-Cast Molybdenum and its
Alloys. TASME, Vol.73, 1951, p.723.

Ref. 409,

Ref.14. (Solid selutién in all preportions).

Ref.14. (Solubility in all proportiens).
Ref.223.

Ref.224.

Ref.225.

Ref.35, p.25.

(Complete solid solubility)
Ref, 14,
Ref, 382.
Ref,383.
Ref. 384,
Ref. 385,

Ref. 220,

System Molybdenum-Boron and Some Properties of
the Molybdenum-Borides. JOM, Vol.5, May 1953,
p.47.

The Molybdenum-Boron System. JOM, Vol.5,
November 1953, p.1537.



*Mo-Co

Mo-Fe

*Mo-Hf

*Mo-Mn

D DD
DD D
[--] .-11 [o,8

613.
614.

615.

616.

617,
618.
619.

620,
621.
622.
623.

624, -

625.
626.

6217,
628.

629.

630.
631.
632.
633.

Kaufmann
Ham
Gordon
et alii

Semchysen

Nowotny &
Kieffer
Sykes

et alii
Nowothy
et alii

Sykes &

Graff

Ham

Ham
Goldschmidt

Ham

Ham
Elliott
Chartkoff

Bain

Goldschmidt
Arnfelt

Greenfield &
Beck

Elliott

Ham

Ham

Pipitz

‘Réf 0 655

@ef.ses

Intermetallic Compounds in the System

Mo Lybdenun Berylluum JoM, Vol.3, August 1951,
9.637

Ref.235.
Influence of Carbon on the Lattice Parameter of
Mo lybdenum. JOM, Vol.4, 1952, p.275.
Solubility of Carbon and Oxygen in Molybdenun.
(a) JOM, Vol.4, March 1952, p.271.

(b) JOM, Vol.5, March 1953, p.746.

Eine Bemerkung zur Existenz des kubiséhén
Mblybd&hcarbides ZAC Voi 267 1952 . 261,

Kokhlens toff
1954, p.255.

Monatsohefte fur Chémle. V01.85;

The Cobalt-Molybdenum Sys tem.
1935, D.249.

Ref.586.

Ref,587.

High Temperature Steels for Gas Turbines.
Research, Vel.2, 1949, p.343.

TASM, Vol.23,

Ref.586.

Ref.587.

Ref.35, p.16.

X<Ray Notes on the Iron-Molybdenum and Iron=-
Tungsten Systems. TAIME, Vol.89, 1930, p.566.
The Nature of Solid Solutions Chemical and

Ref. 6199

On the Constitution of the Iron-Tungsten and the
Iron and Steel Institute,

Iron-Molybdenum Alloys. stit
Carnegie Scholarship Memoirs, Vol.17, 1928,
p.13,

Ref.35, p.16.
Work performed at Westinghouse Jet Propulsion
Laboratory under US Government Contract.

Ref.35, p.16.
Ref,586.

Ref,574.
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634, Decker Evidence for Order in the Manganese<Molybdenum
et alii Sigma Phase (and the Structure of the Chromiums

Cobalt Signa Phase). JOM, Vol.6, December

1954, B. 1406,

Formation of Sigma Phase in the Ma=Mo System.

JOM, Veol.5, 1953, P.1476.

The Degassing of Metals. Absorption of

Nitrogen and Carbon Monoxide by Molybdenum

and Tungsten. TAIME, Vol.156, 1944, p.369.

637. Hagg Rontgenuntersuchungen iber Molybdan urd
Wolframnitride. Zeitsehrift fiir Physikalische
Chemie, Vel.7, Part B, 1930, p.339.

*MosNi 638, Ham Ref.586;
639. Ham Ref.587.
640. Koster Untersuchungen im System Mo=Ni. Archiv fir das
Eisenhiittenwesen, Vol.8, 1934, p.23.

of some Nickel Alloys. Ann, Physique, Vol.7,
642. Ellinger The NickelsMolybdenum System. TASM, Vol.30,
1-9425 :b; 6()7.

*Mo=0s  643. Raub Die Legierungen der Platinmetalle mit Molybddin.
ZM, Vol.45, January 1954, p.23.
644. Greenfield Ref.18.
645. Knapton Ref. 11.
646, Baird A Note on Certain Properties of Osmium and of
et alii its Alloys with Molybdenum. Procéedings, Third
Plansee Seminar, Metallwerk Plansee, Reutte,
Tyrol, June 1958, p.371.

*Mo-Re  647. Dickinson & The Constitution of Rhenium=Molybdenum Alloys.
Richardson TASM, Vol.51, 1959, p.1055.
648. Knapton Associated Electrical Industries (A.E.I.) Research
Report A474, August 1955.
649, Knapton Mo lybdenum-Rhenium System, JIM, Vol.85, March
1957, p.18l1.
650, Knapton The Molybdenum-Rhenium System. JIM, Vol.87,
October 1958, p.62.
651. Geach The Alloys of Rhenium with Mo. Proceedinzs.
Plansee Seminar, Metallwerk Plansee, Reutte,
Tyrol, 1956, p.246. (Workability = hot
hardness - recrystallization),
652. Greenfield Ref. 18,
653, McHargue & Notes on a Molybdenum-Rhenium Alloy  JOM.
Maynor Vol.5, 1933. p.1382.
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*MosSi  654. Ham Ref.586.

656. Nowotny Ref.613.
657. Sehachner New Silicides of the MSi, Type with D8,

Structure. Monatshefte fur Chemie, Vol. 85,
1954, p.245.

658. Johnson USAF Teechnical Report 6 , Jufe 1951,

659, Kieffer + Beitrag zum System Mo=Si ZjMi Vol.43, 1952,
P. 104,

660 Brewer High-Melting Silicides. Journal of the

et alii American Ceramic Society, Vol.33, No.10; 1950,
ps 291,
**Mo=Ti (Extensive s6lid solubility)

661. Hansen Ref. 26,

662, Ham Ref.586.

663. Rostoker Analytical Representation of Certain Phase
Boundaries. JOM, Vol.3, 1951, p.1203.

664. Duwez Effect of Rate of Cooling on the Alpha<Beta

Transformation in Titanium (Zirconium, Thallium,
and Iron) and Titanium=Molybdenum Alloys. JOM,
vel.3, 1951, p.765:

665, Duwez Effect of Rate of Cooling on the Alhpa=Beta
Transformation in Titanium and Titanium=Molybs
denum Alloys. JOM, Vol.4, 1952, p.518.

Mo-U 666. Pfeil The Constitution of Uranium=Molybdenum Alloys.
JIM, Vol.77, 1950, p.553,

667 Saller Ref.49. Transformation Kinetics of Uraniums
Molybdenum Alloys. BMI Report 957, October 1955.
The Constitution Diagram of Molybdenum=Rich
Uranium. BMI Report 730, March 1952.

**Mo-Zr 668. Domagala Ref.474.

669. . US-AEC - 000-89, 14/4/52 (Armour Research
Foundation).

670. Higg Ref.445.

671. Elliott Ref.35, p.38,

672, Pipitz Ref, 574,

673. Ham Ref.587.

4.1,4 Systems Studied in Certain Respects Only

Mo-Ag 674. Dreibholz Untersuchungen Bingrer und Ternirer Molyb=
dinlegierungen, Zeitschrift fir Physikalische
Chemie, Vol,108, 1924, p.4. (5% Mo is soluble
in Ag).

Mo-Au 675. Geach & The Constitution of Gold-Molybdenum Alloys,
Summers-Smith with Particular Reference to the Solubility of

Molybdenum in Gold. JIM, Vol.82, 1953-54, p.471.
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*Mo-Cu

*Mo=H

Moslig

*Mo-Ir

Mo=Mg

679,

681,

682.
683.

684,
685,

686.

687,

€88
689.

690.
691.

692.

Linde

Kelman

Searey
et alii

Searey &

Peavier

Thurméhd

Sieverts &
Bruning

Irvin
Miller

Raub

Knapton

Ham

Schénberg
Rathenau &
Meijering

Few
Perry

et alii

Pew

Elektrische Eigenschaften verdinnter Mischs
kristallegierungen. III: Widerstand von Kupfer<
und Goldlegierungen Gesetzmifsigkeiten der
Widerstandserhohungen. Annalen der Physik,

V‘@I . lS\. 193‘2 » P 21‘ g;’.

Argonne National Laboratery, Lemont, Illineis.

Preparation of Mo Ge and Determination of its
Structure. Journal of the Americ¢an Chemical
Bociety, Vol.74, 1952, p.566.

The Preparation and Properties of Molybdeniums
Germanium Compounds. Journal of the American
Chemical Society, Vel.75, 1953, p.5657,
Equilibrium Thermochemistry of Solid and
Liquid Alloys of Germanium and of Stilicon.

I: The Solubility of Ge and Si in Elements of
Groups III, IV, and V. Journal of Physical
Chemistry, Vol.57, 1953, p:827.

The Absorptive Power of Iron=Molybdenum Alloys
for Hydrogen and Nitrogen. Archiv fiir das
Eisenhiittenwesen, Vol.7, 19331934, p.641.

Ref. 486. , A

Mo lybdenum ; Production, Properties and
Applications. Metal Industry, Vol.75, 1949,
p.411.

Ref. 643,
Ref.17.

Zur Systematik der Verwandtschaft der
Hochschmelzenden und Hexagonalen Metalle mit
Magnesium und iiber Hochwarmfeste Legierungen
auf Mg-Th-Zr-Basis. ZAC, Vol.258, 1949,

p. 2960

Climax Molybdenum Company Reports 031-331,
1/4/50, and 034=401, April 1951.

Ref.5, p.630, p.617.

Rapid Oxidation of Metals and Alloys in the
Presence of MoO,. Metallurgia, Vol.42, 1950,
p. 167,

Ref.612(a).

Effect of Oxygen on Welding and Brazing
Molybdenum. Welding Journal, Vel.33, Supple-
Ref.612(b).

- 73 -



Mo=Pb

Wo-Pd

Mo-Pt

693.
654,

695.

696.
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Greenfield
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Hume=Rothery
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Hume-Rothery
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McCabe

Das Zustandsschaubild Eisen<Eisenphosphid-

Mo lybdanphosphid-Molybdan. Arehiv fiir das
Eisenhiittenwesen, Vol.24, 1953, p.369.

Molybdin als Legierungsbestandteil. 2ZM, Vol.15,
1923, p.152.

The Constitution of Molybdenum-Rhodium and
Mo lybdenum=Palladium Alleys. JIM, Vel.87,

Ref, 643,

Ref. 17.

Ref. 646.

Systems for Signa Phases. JIM, Vol.87,
October 1958, p.28.

A Survey of the Molybdenum=Platinum Systen.
Planseeberichte fir Pulvermetallurgie, 1959,
Vol.7, Ne.l, p.2.

Ref. 643.

Ref.18.

Ref. 17,

Ref. 646.

Ref. 700,

The Equilibrium Diagram of the System Molybdenum-
Rhodium. JLCM, Vol.2, February 1960, p.19.

Ref. 643.

Ref. 18.

Ref. 17,

Ref. 646.

Sigma Phase in the Molybdenum-Ruthenium System,
TAIME, Vol.203, February 1955, p.420 (in JOM,
Vol.7, 1955).

The Eguilibrium Diagram of the System Molybdenum-
Ruthenium. JLCM, Vol,2, December 1960, p.443.
Sulphur-Pressure Measurements of Molybdenum
Sesqui-Sulphide in Equilibrium with Melybdenun.
TAIME, Vol.203, 1955, p,61 (in JOM, Vol.7,
1955).
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**Mo-Th 720.

*+Mo=V

Mo=Zn T24.

4.1.5 Unstudied Systems
Mo-As  Mo-Ba  Mo=Bi  Mo=Ca
Mo-Li  Mo-Na  Mo-Sb  Mo-Sn

Ternary or quaternar

MosW<Re 1725.

Mo-W-C 726.

Mo-Co-Fe 730.

Mo-Re-Hf 731.

Mo=Ni-Co 1732.
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Sims &
Jaffee
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Mo=Cd
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Gewichtsanalytische Molybdanbestimmingen..
ZAC, Vol.73, 1928; p.452.

Sur le Systeme Binaire Tellure-Molybdene. Tel=

lurures de Molybdene TedMO et Tb A 5+ Comptes
Rendus de 1'Académie des Sciencés. Vol 215,
1942, p. 86,

Mo-Ce**  Mo<Cs Mo<In  Mo-K  Mo-La**

Mo= Ve

y equilibrium diagrams

Properties of Refractory Alloys Containing
Rhenium. TASM, Vol.52, 1960, p.929. (Paper
presented at the 41st ASM Meeting, Chicago,
2 November 1959).

Isothermschnitte in den Systemen Molybdin=
Wolfram=Kohlenstoff und Molybdin-Titan-Kolenstoff.
Planseeberichte fiir Pulvermetallurgie, Vol.4,
No.1, April 1956, p.2. (Isothermal Sections).

Metals Handbook.
Cleveland, 1948.

American Society for Metals,

Monatshefte

fur Chemze‘ Vol 85 1954, 9-241

Survey of Portions of the Iron-Nickel-Molybdenum
and Cobalt-Iron-Molybdenun Ternary. NACA TN 2896,
lntgrmedté;;“Phgsgs in the Mo-Fe-Co, Mo-Fe=Ni,

and Mo-Ni-Co Ternary Systems. JOM, Vol.4,

ork performed at Westinghouse Jet Propulsion
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Worl ed a 1si
Laboratory under U.S. Government Contract,

Ref. 730,
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Mo=Ni-CF

Mo:Cr-Fe

Mo=Cr+Co

Mo=Nb-Ta,
"05 Nb‘Wi
Mo=-Ta=W

4.2 Impurity Effects and Analysis

4,2.1 Effects (see also Section 4.5.6)

Oxygen
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739,
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741

742,

743.

145.

746.
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748,

749,
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Goldsehmidt
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et alii
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Rideout &
Beck

Biickle

Platte
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Wulff
Jaffee

Lawthers

Chromium=Nickel Phase Diagram. JOM, Vol.®6,;
1954, p.261. JOM, Vel.3, 1951, p.1009.

Ref, 583,

Phase Diagrams of the Ternary Systems Fe-Cr=W
and Fe<CrMo at Low Temperatures. Iron and
Steel Institute Special Report, Veol.43, 1953,
Constitiution 6f IronsChromiumsMolybdenum
Alloys at 1200°F. JOM, Vol.3, April 19

P 331,

Arc Melting of Mo=Cr=Fe Alloys. TASM, Vol.46,

System Titaniun=Chromium=Molybdenum. JOM,

System Titanium-Manganese=Molybdenum. JOM,

Survey of Portions of the Chromium-Cobalt=
NickelsMolybdenum Quaternary System at 1200°C.
NACA TN 2683, April 1952.

Welding of Mo. Ref,572, p,151.

Effects of O, = N, - C on the Ductility of
Wrought Molyédenuh, Ref.572, p.262.
Ref.572, p.334. (Effect of O, on the tensile
properties of Mo and Alloys).

The Effect of Testing Atmosphere on the
Properties of Mo=base Alloys. AIME Conference,
Cleveland, 16 April 1957.

Effective Heat Treatment of Mo. Metal Progress,
February 1954, p.75. (Influence of the
annealing temperature).

Effects of O, = N, = C on the Ductility of
Cast Mo. JOM, February 1956, p.150.

Effects of O, on Mo. JOM, March 1954, p.365.
Annealing of Point Defects in Mo. Acta
Metallurgica, 1957, p.371. (Effect at 140-
180°C).
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Nitrogen

Carbon

Miscel=
laheous

4.2.2 Analysis
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Review

751,

152,
753.

54
755

156
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759.
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764.
765.
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7617.
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Gf the effect of impurities 0, = N, < C on the
riation of resistivity at 145°C)

~1«

Ref. 744,

Effect of Moleeular Nitrogen on Mo at High
Temperaturé, Nature, 1936, p.531.

Re f. 748-

Effects of 0, in Mo. JOM, February 1952,
D. 149,

Ref. 748.
Carburization of Mo from a Gaseous Phase.
Helvetica Physiéa Acta, June 1956, p.231.

Ref. 744

High-Temperature Properties of Molybdenum=
Rich Alley Compositions made by Powder
Métallurgy Methods Symposium on Métailic

1600°F, ASTM Sﬁecial Tec cal Publlcatlon
No.174, 1955, p.111. (Influence of additions
of Ti, T10 ZIOE, Zn, Dispersed oxide
strengthen1nx phase).

The Effect of Selected Rare Earth Addition on
the Removal of Interstitials. University of
Denver, NASW-8, 8 May 59. (Additions of

Ce - La -Y - YB = Gd - Lu - hardness measures=
ments on cast buttons).

Calculations for Reactions of Cr, Mo .... with
0,, N, H, C, S. Rand Corporation Report
R-108 F‘ebruary 1954.
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111,
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Determination of Gases in Mo. Ref,572, p.365.
(Oxygen: eval ation ‘f methods - results of
comparative studie Hydrogen: difficulties
with concent,At‘_; of about 1 ppm; Nitrogen:
evaluation of methods).

Vacuum-Fusion Analysis for Mo, TASM, Vol.46,
1954, p.375. (Methods for O, and N,-accuracy).
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Oxygen 771,

Miscels 773,
laneous

7179,

780.

781,

782.

783.

783a.

MeDonald Vacuum Fusion Analysis. Analytical Chemistry,

October 1955, p.1632. Cﬁétéﬁmiﬁati@ﬁw@f'oé

by the ireh bath methed).

Compte rendu du Congrés International de
Spectroscopie de Lucerhe, 12-18 September 1959.
To be published.

Sodel ] Ref.118.
Durand Ref. 120.

Kiess Series in the Arc Spectrum of Mo. US Bureau

of Standards, V - 19, 1923, p.113.

Bush Andlysis of Binary Mo Alloys. Analyst. 1955,

p. 536,

Pepkowitz Precision Deternination of Low Concentrations

of C. Analyst, 1954, p.1022.

Dyck Spectrographic Analysis of Mo Metal Powder.

(Metallie elements). Analytical Chemistry,

Diffusion (see also Sections 4.5.4 and 4.5.5)

Harwood

Schwope

Zima

Byron

Shewmon

Gordon
et alii

Ref.572, p.448 (Diffusion Mo=Cr, Me=Ni, Mo=-CrsNi).

Investigation on the Mutual Diffusion of Various Elements
Some High=Temperature Oxidation Characteristics of Nickel
with Chromium Additions. TASM, Vol.49, 1957, p.924.
(Diffusion Ni-Cr at 1100°C).

Diffusion of Cobalt in Molybdenum. JES, 102, January 1955,
p.38.

Marker Movements in Ti-Mo - Diffusion Couples. Acta
Metallurgica, September 1955, p.452.

Diffusion of Cr and other Elements. Transactions of the
Institute of Metal Finishing, 1954, p.153.

The Transmission of H, through Metals. JAP, December 1951,
p. 1503. '

Intermetallic Compounds in the System Molybdenum-Beryllium,
JOM (TAIME), Vol.3, August 1951, p.637.
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4.4 Behaviouf in Gaseous Medium at Elevated Temperatutre

(Further information is contained in Seé¢tioh 4.2.1 and Seetien 5.7 6f Part IV).

4,4,1 General
784, Northeett Ref.570, Ch.8; p.157. (General survey).
785. Hatrwood Oxidation Behaviour. Ref.572, €h.19, p.420:

786,  Kubaschewski Ref.144. (Basic general information = p.1, 156. Mo = p.171,
187).

787. Healey Physical and Chemical Adsorption of Gasés on Mo. Journal
of Physical Chemistry, February 1953, p.178.

788, Andersson On the Crystal Structure of MoO,. ACS, 1950, p.793.

789. Kubaschewski Metallurgical Thermochemistry. Pergamon Press, 1951. (Vapour
f MoO

790. Berkowitz Mass Spectrometric Study of Mo Oxide Vapour. Bulletin of
the American Physical Society, 26/4/56, D.202.

791. Haeg Recent Structure Investigation 6f Oxygen Composition of Mo.
Réviews of Pure and Applied Chemistry, December 1954, p.235.

792. Higg & X-Ray Studies on Molybdenum and Tungsten Oxides. Arkiv fiir
Magnél i Kemi, Mineralogi och Geologi, Vol.19A, 1944, No.2. (Study
of the oxides of Mo).

793. Kihlborg On the Thermal Decomposition of Mo Trioxide. ACS, 1955,
p‘4_71-

794,  Staskiewicz Heat of Formation of Mo Oxides. Journal of the American

Chemical Society, 1955, p.2987.

4.4.2 Oxygen and Air

. Metal TroCc) | Pressure Remarks

795. Nachtigall. Ref. - Mo 200-600 | air 1 atm
544. un=
alloyed

796.  Gulbransen, The " 300-450 | 02 (0,1 - | parabolic law
Kinetics of Oxide - | 0.01 0.001 atm
Film Formation. 3 '
Transactions of the
Electrochemical
Society, 1947,
p.594.
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Mo. M.S. Thesis,
Ohio State Univer= |
sity, 1953. ;
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Mechanisms of the

Bartlett. Oxidation
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April 1958, p.280.
Semmel. Ref.556.

Gleiser. Symposium
on Basic Effects.

ASTM, Vol.65, Special

Publication 171, 1955,
Properties of Oxida-
tion Resistant Scales.
Ohio State University.
Feb. 1955, OTS/PB

119. 850.

Rengstorff. Search
for Oxidation Restis-
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JOM, Feb.56, p.171.
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Technical Publication

2483, Dec.1948,
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| Metal ” T(°C) | Pressure Remarks

806. Kes§meriu Are Melted i‘binary | smsegsa‘j air | Effect of the addi-
Mo=Cr Alloys. TASM, | Mo=Cr 1 tion of Be
1950, b 1008. b

807. Lawthers. Ref.746. [ - | -

4.4.3 Miscellaneous

808, Friedman High Temperature Durability of Mo in Oxygen=Deficient
Combustion Gases. Jet Propulsion, 1954, p.187. (Unprotected
Mo resists about 100 hr. at 1430°C in certain combustion
gases).

4.5 Protective Coatings
4.5.1 General Papers

809. Harwood The Metal Molybdenum. ASM, Offiee of Naval Research, 18/9/56,
Chapter 18, p.408. (Begley: Jet = Turbine Uses). Chapter 19,
p.420-461. (Harwood: Protection against Oxidation).
(Oxidation behaviour = coating reqiirements and evaluation
methods - Mo = base alloys = self-regenerative scales - cerami¢ =
MoSi, - clad metal coatings - sprayed metal - electroplated
coatings - diffusion coatings - chromizing - other methods).

810. Jaffee Report on Mo. MAB, February 1959. (Protection against oxidation =
General up-to=date survey).

811.  Blanchard Oxidation Resistant Coatings for Mo. WADC TR 54-492 (Parts I
& II, 1955.

812.  Biickle Molybdenum Alloys and their Protection against Oxidation.
La Recherche Aéronautique, November 1957, p.35. (Present
position - the alloys = protective coatings - detailed study

of each type - advantages and drawbacks - present applications
= future developments).

813. = Metal Progress, November 1958, p.82 (Turbine of G.E.C.
working at 1100°C with buckets in Me-Ti protected by five
coating layers).

814. Freeman Molybdenum for High Strength at High Temperature, Jet
Propulsion, February 1958, p.138. (Specificatiens - general
assessment - comparative results for different types for

oxidation tests, thermal shock, mechanical shock and erosion).

815.  Northcott Protective Coatings. Ref.570, p.174.



eral survey =

816. Mac Loud Molybdenum. Metal Progress. ¢
. s at 800=

§t
practieal tests of the G.E.
1, 120°C).

- A’u‘gi 1’9“5‘8, Pe 7'515 (Géﬁ
C, on blades and wheel

817. = Mo in Aeronautics. Metal Industry, 6/9/57. (General survey =
practical tests by Westinghouse at 980-1100°C on blades with

mechanical eladding with nickel alley).

8i8. Bartlett Ref,800. (From 760=1,200°C, effect of ambient conditions).

819.  Harwood Protecting Mo at High Temperature. Materials and Methods,
December 1956, p.85.

820,  Blanchard Oxidation Resistant Coatings for Mo. Materials and Methods,
February 1956, p.180.

821. Jaffee Protective Coating Systems for Mo. Fabrication of Mo, ASM,
6 ‘

822. Herzig Protecting Mo from Oxidation. Metal Progress, Oct.55, p.109.

823, Levinstein Coating Development and Evaluation., Fabrication of Mo, ASM,
1959, p.186.

824,  Oxx A Liquid Phase Coating for Mo. TAIME, June 1960, p.541.

825, Bartlett Ceatin,gs for Protecting Mo from Oxidation. DMIC, 6 Mar. 1959,
ASTIA AD-210-978,

826. Bartlett Coatings for Protecting Mo from Oxidation. DMIC TR 109
(PB 15-1064).

827.  Gleiser Basic Effects of Environments on Scaling of Metals at
Elevated Temperature. ASM Publication 171, 1955.

828,  Parke Molybdenum, a New High Temperature Metal, Metal Progress,
July 1951, p.81. (Protection by cladding - 8i0, = ceramic -

electroplating alloy additions),
829. Beck Coatings on Mo. Metal Industry, 21 Jan.55, p.43.

829a. Chao Recent Progress in Protective Coatings for Me. JLCM,
December 1960, p.426.

829b. Klopp Ref. 196¢.

829c, Doane Oxidation Resistant Coatings for Mo. WADC TR 54-492,
Part III, April 1957.
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838.
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Benesovsky
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Gleiser

Kessler

Bartlett

Rendall
et alii

The Formation of Molybdenum Disilicide Coatings on Molybdenunm.

JES, January 1951, p.21.
Warme und Zunder feste Sinterwerkstoffe. ZM, Vol.42, 1951,
p:97. (Sintered carbides + ceramic + silicides).

Beitrag zum System Molybdan=Silizium. ZM, Vol.43, 1952,

Siliconizing of W and Mo. Monatshefte fiir Chemie, 1952, p.81.
Ref. 728,

Ref.804. (Test at 980 and 1090°C - effect of Cr-Ti = W =
Ni = € = Ca,etc. 55 arc melted binary or ternary alloys).

Ref. 827,

Are Melted Mo<Cr Alloys.
oxidation at 1200 = 1800°F)

TASM, 1950, p.1008. (Study of
(650=980°C).

Alloys MosNi. TAIME, Aueg.1958, p.458. (Developed by sintering
practical difficulties).

The Forgeability, Creep Strength, and Ductility of Mo and
Some of its Alloys. JIM, Vol.82, 1953-54. p.345.

Diffusion Coatings

Leadbeater

Leadbeater

Cladding

Bruckart &
Jaffee

La Chance

Bruckart

Oxidation Resistance of Diffusion Coatings. Metal Treatment,
1954, p.309, 387. (Diffusion coatings with Al-B-Be=Cr-Si-Ti-
Oxidation Resistance of Diffusion Cogtings. Product
May 1955, p.70.

Cladding of Molybdenum for Service in Air at Elevated
Temperature. TASM, Vol.44, 1952, p.181. (Cladding with Ni,
Inconel, Stellite, hastelloy).

Cladding of Mo by Rolling.
steels or Ni, miscellaneous - tests

TASM, 1956, p.595. (Ni, Inconel -
at 1,000°C).

Cladding of Mo for Service in Air. TASM, 1951, p.176.
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Gold Protects Mo. Battelle Technical Review, August 1956, p. 14.

Molybdenum Alloys and Protection by Cladding. Rand Corporation
piblication, 25/4/50.
A New Development in Metal Cladding. JOM, Vol.8, 1956, p.328.

Nickel-Clad Mo. Maehinery, 1953, p.965.

Sprayed and Diffused Metal Coatings. Metal Industry, 14 Nov.58,
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Protecting Mo from Oxidation. Metal Progress, 1955, p.109.

Electro=plated Metals

Safranek
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Couch
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Harwood

Beck
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Reviie du Chrome Dur, September 1958, and Technical Proceedings,
AES Convention, June 1956, p.105.

Electroplated Coatings of Ni and Cr on Mo (one or multiple

Protection of Mo at High Temperatures. JES, August 1958,
p.450. (Cr + Ni coatings).

Ni-Al Coatings on Mo. JES, August 1953, p.485. (Coatings of
Cr-Ni-Al).

Composite Coatings of Cr and Ni. JES, September 1955, p.244 c.

The Protection of Molybdenum against High-Temperature Oxida=
tion. (A Survey of the Problem and Progress). Proceedings,
American Electroplaters’ Society, Vol.43, 1956, p.78.

Ref. 187. (Methods and baths).

Introductory Plating Studies. BMI Report 813, 1953. (Ni).

Plating on Mo. Plating, 1953, p.659, 1126. (Electro-deposition
methods).

Coatings on Mo, Metal Industry, 21 Jan,55, p.43. (Deposits of
Al-Si-B - operating methods - properties) (Baths of melted salts).
Use of Ni-Al Alloys Coatings for Protection of Molybdenun.

JES, Sept.59, p.783.
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Ref. 189, (Depesits of Cu and Ni),
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re Adhérence of Ni Plates on Mo.
p. 1143,

Ref. 812,
Chromizing of Mo. Materials in Design Engineering, Feb.1958
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BMT Mém@, 13 Feb. 58
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Thermal Chromium Plating of Mo Alloys. Plansee Metallwerk

Seminafr, Reutte, Tyrol, 1956, p.239.
British Patent

Improvements in Refractory Coatings for Mo.

820. 649, 1959.

Cerami¢c Coatings. Iron Age, 14 Nov.57, p.157 (A 418 =
Solaramic + nitride of boron # flux (Li)).

Ceramic Coatings. Metal Progress, November 1958, p.110 (General
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Study of Chromium-Frit-Type Coatings for High-Temperature
Protection of Molybdenum, NACA TN 2422, July 1951, (Sintered
chromium-compounds of Zr-NiCrB (colomonoy)).

Chromium-and-glass High-Temperature Coatings for Molybdenum,
Metal Finishing, Vol.50, No.10, 1952, p.61 (Chromium + glass).

A Study of Ceramic Coatings for High-Temperature Protection

of Molybdenum, NACA TN 1626, July 1948. (Glass + refractories).
Protective Coatings for Mo. USAF Technical Report 5897,

June 1949 (R 54/2029) (Glasses up to 3000°F),

Aviation Week, 14 Jan.57, p.75. (Elraco

Ceramic Coating on Mo,

process - immersion in melted ceramic).



4 5,10 Plasma Jet

879.  Kramer Flame Spraying with G.S.A. Ref.1169; p.81.

880. Stackhouse Plasma Arc Plating. Production Engineering, 8 Dec.58, p.104.
881. Cauchetier Plasma=Jet. Metal Industry, 31 October 58.
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884, - Plasma Gun. American Machinist, 3 Nov.58, p.87.
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890,  Moss British Patent Application No.17.125/58.



PART IV*

APPLIED RESEARCI

I. GENERAL PAPERS ON THE REFRACTORY METALS

891, Hampel Rare Metals Handbook. Reinhold, New York, 1954,
892, de Ment & Dake Rarer Metals. Chemical Publishing, Brooklyn, New York,
1 9’4 6;
893. Stanford Research Mechanical Properties and Oxidation Resistance of Certain
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30 Jan. 59,

894.  Jahnke High Temperature Metallurgy Today. Metal Progress,
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welding tests on Nb-Zr alloy).
1070, Begley Ref. 36, p.60. (Welding).
1071. Cox Welding Nb and Ta. Murex Review No.16, 1956,
1072. Yntema Ref. 909.

1073, Williams Ref.986. (Welding).
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1073b;
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Lepkowski
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2.9 Miscellaneoiis
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1083,
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MacIntosh
Beach
Faust

Young

Begley

Hampel
Krudtaa

Buchheit

1083a. Bakish

3.1 General Papers

1084,

1085

Klepp
Stanford
Research
Institute
MAB

Yancey

Hampel

Welding of Nb and Nb Alloys. DMIC Memo 69, October 1960.
How to Weld Nb Alleys. Iron Age, No.24, 1960, p. 110,

Brazing of Cb Alloys. Welding Journal, April 1961, p.377

Ref.1003. (Resistamce of Nb to agueous solutions).
Ref: 140 and Ref.141: (Cu = Cr = Au = Ni - Fe = Pt).
Ref.187. (Fe = Ni).

Anodie Ozidation of Nb. Transactions of the Faraday Society,

Ap‘rli 1956, .‘D‘i 5/0‘2;

Ref.55, p.69. (Thermodynamics of Nb oxides. Kineties of the
water=vapor = Nb reaction),

Ref.912.
Anodie Oxidation. JES, June 1957, p.339,
ElectropolishingofCh and Ta. Metal Progress, Jan.1960, p.101.

Procedures for Metallographic Preparation. DMIC Memo 37,
26 Oct.1959.

On the Anodic Oxidation of Nb. JES, July 1960, p.653.

3. TANTALUM

Ref.302. (Analysis of 205 references).

Ref.893, Section 7, p.130, Tantalum.

Ref. 948,
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1089, Simpson Production, Fabrication and Applications of Mo, W, Ta, Zr Sheet.
Sheet Metal Industries, May 1953, p.397.

1090. Hafipel Ref. 891, Chapter 20; p.392.

'109’1f ., de Ment & Réf- 892,, Pl 16,
Dake

1093. Sebmidt Tantalum and Tantalum Alloys. DMIC TR 133, 25 July 1960.
1093a. Bartlett Ref.961a.

3.2 Mineral Resources
1094, Barton Cb and Ta. Minerals Yearbook, US Bureau of Mihes, 1956.

16pp Ref. 302.
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1096, Hampel Ref, 1088.

1097. Titterington & The Production aid Fabrication of Ta Powder. Symposium oh
Sifpson Powder Metallurgy; Iron and Steel Institute, 1954, p.1l.

3.3 Production Processes and Purification
1098. Miller Tantalum. Industrial Chemistry, Vol.25, 1949, p.388.
1099. Klopp Ref. 302.

1100. Miller Production of Ductile Tantalum. Third Plansee Seminar,
Proceedings, Metallwerk Plansee, Reutte, Tyrol, June 1958.

1101, Miller Ref, 958.

1102. Lee Tungsten and Tantalum, Chemical Engineering, September 1948,
p' 152!

1103. Titterington Ref, 1097,

1104. Rolsten Ref, 328,
1104a, Sherwood Ref, 985a.

1104b, Carlson Ref. 985b,
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3.4 Sintering, Melting, FabFication
1105, Myers Ref. 236,
1106, Myers Mechanical Working of Ta. Metallurgia, November 1948, p.7.

1107, Miller Re £: 1100,

&

1108, Preparation of Extra Pure Ta and of Ingots by National

Research Co. Chemical Week, 19 July 1958,
1109, Myers Some Properties of Ta. Metallurgia, April 1950, p.301.
1110, Pugh Rolling Textures in Ta. TASM, 1956, b.526.
1111, Greenwood Annealing Temperature of Ta. Nature, 1947, p.675.
1112. Klopp Ref. 302, pp.4-7.
1113, Titterihgton Ref. 1097,
1114. Klepp Vacuum Reactions of Niebium during Sintéring. Ref.947, p.106.

1115 Klopp Purification Reaction of Ta during Vacuum Sintering. AIME
Conference, Chicage, Nov. 59,

1116, Torti Purification of Ta obtained by Vacuum Ar¢ Melting., JES,
Jan, 1960, p.33.

1116a. Klopp Purification Reactions of Ta during Sintering. TAIME, Vol.218,
December 1960, p.971.

1116b, MacCullough Ref. 1002b.

3.5 Physical Properties

1117. Klepp Ref, 302, pp.8-20.

1118, MAB Ref.948, pp.44-49.

1119. Fansteel Technieal Data Bulletin, Fansteel Metallurgical Corporation,

1120, Pugh Refractory Metals. JOM, May 1958, p.335.

1121, Osgden Physical and Mechanical Properties of Ta. DMIC Memo No. 32,

28 August 1959.
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Mechanical Properties = Unalloyed Metal
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State College, Ames, Iowa), 1 August 1950.

Tensile Properties of Ta at Low Temperature. Acta Metallurgica,

Ref. 302, pp.24/42. (General review and new ¢reep results at 650°C
in helium).

Tensile, Fracture, and Short=Time Creep Properties of Aircrafts
Struetural Materials at Very High Temperatures after Rapid
Heating. WADC TR.55-391, December 1955, ASTIA DOC. No.AD=110560.

Determination of the Mechanical Properties of Aircrafts
Structural Materials at Very High Temperatures after Rapid
Heating. WADC TR.57-649 Part 1, Jan.1958, ASTIA DOC. No.
AD 142284, (Stress-rupture tests at 1650-2750°C).

Ref.1109.
Ref.1120. (Tensile properties from - 196° to 1,200°C).

Investigation on Tantalum and its Alloys. WADC Technical
Report 58-525, November 1958, (Hardness at 20° of cast metal
and cold rolled metal and the determination of recrystalliza-
tion temperatures of binary alloys with 5-10 and 30% of Zr,

Mo, Nb, W, Hf, V),

High Temperature Mechanical Properties of Ta.

ASTM, Newer

Exploratory Creep Tests. JIM, 1953-54, p.525, (Creep in

compression at 1,000°C).

Ref. 1121,
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1137,

1139,

1141

1142,

1142a,

11426,

Miller

Drennan

Pigh

Schussler

Franklin

Die Temperaturabhingigkeit des Elastizititsmoduls Reiner
Metalle. 2M, Vo.39, 1948, b.l. (Modulus of Elasticity,
=200 to 2800°C).

Texture of Cold-Worked or Recrystallized Sheets. 2ZM, November
]:.5'9‘?5:8@ o l575.
High=Temperature Mechanical Properties of Ta. BMI Report 132
(Are=mielted or sintered - ¢reep ruptire to 650°C - efféect of
grain size).

Rolling Textures in Ta. TASM;, 1956, p.526.

Recrystallization of Ta. JOM, 1952, b.3596.

Dislocation Configuration and Densities in Ta Crystals. JES,
1958, p.120.

Mechanical Properties of Ta Consolidated by Melting. TAIME,
October 1960, p.893.

Effects of Irradiation on thée Mechanical Properties of Ta.
BMI 1476, November 1960,

3.7 Mechanical Properties = Alloys

1143.

1148.

1150.

1151.

Snith

Myers
Schmidt

Klopp

Richardsen

National
Research
Corporation

Powers &
Doyle

Some Properties of Ta Alloys with W and Mo. Metallurgia,
1950, p. 3.

Investigation of the Properties of Ta and its Alloys. WADD
TR 59-13, March 1960.

Ref, 302, p.42. (Alloying Behaviour).

Alloy Ta - 7.5% W. Fansteel Metallurgical Corporation,
Chicago.

of Ta-W Alloys). Proceedings, Third Plansee Seminar, Metallwerk
Plansee, Reutte, Tyrol, June 1958.

Beitrag zur Technologie der Ta-W Legierungen. (The Technology

Research on Tungsten - Tantalum Alloys Development. Ref,1169.
(Alloys Ta-Hf, Ta-Re, Ta-W, Ta-W-Hf, Ta-W=Re).

Tantalum, Tungsten fill Hot Needs. Chemical and Engineering
News, Vol,37, No.42, 19 October 1959, p.52.
Internal Friction in Solid Solutions of Tantalum. Acta

Metallurgica, Vol.4, 1956, p.233.
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1152.
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Sehmidt

Klopp

Braufn:
Sehmidt

Sehmidt

3.8 Welding

1156.
1157,
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1159,
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Cox
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Haslip

Silverstein

3.9 Miscellaneous

1160.

1161.

Hampel
Klopp
Johansen
Wensch
Krudtaa

Buchheit

Ref. 16,

Patent F 1.210.714 (Union Carbide) (Ta=Ti Alleys).

Effects of Alloying on the Oxidation Behaviour of Ta. ASM
Preprint 221, 1960,
Ref. 1068b,

Mechanical Properties of Ta Base Alloys.
1960.

Resistance Spot-Welding of Ta. Welding Engineering, Oct.

1959, p.52.

Ref. 1071,

Ref. 909.

Tungsten Arc Welding of Ta.

Welding Ta. Metal Progress, June 1960, p.102.

Ref. 1088. éApplication of Ta in the chemical industry).
Ref.SOZ; pp. 22-24. (Reaction with different liquids).
Ref.912,

Ref, 1081,
Polishing Ta. Metal Progress
Ref. 1082,

Ref, 1083.

Optical Properties of Anodic Oxide Films.

Preventing Hydrogen Embrittlement of Ta.
1961, p. 144,

JOM, Vol.13, Ne.2,
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he 442.

1166d; Franklin Ref. 11426,

4. TINAGS TEN
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1170. Austin What is New in Tug.gsten Research (Summary from Durham). Metal
Progress, De¢:59, § pi71.
1171. Materials Report of the Pamel-lon Tungsten = 21/1/59.
Advisory

Board
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1173. Li & Wang Tungsten. 3rd e ition, Reinhold, New York, 1955.
1174, Hampel Ref, 891, Ch.25, p...483-500,

1175. de Ment & Ref. 892, pp.141-160:0
Dake

1176, - Tungsten and Molybodenum. Fansteel Metallurgical Corperation,
Chicago.

1177, Hell NASA Research onlsugsten and Tungsten Alloys. Ref.1169,

4.2 Mineral Resources

1179, J. de Ment Ref. 892, Dp. 141-l4s-4,

1180. Davis Ref. 1172,



4.3 Production Processes and Purification

1181, Li Ref. 1173, pp. 166-269 and pp.412-461.
1182, Smithells Ref. 529, pp. 19-88.

1183, Davis Ref. 1172,

1184, Lee Tungsten and Tentalum. Chemical Engineering, September 1948,
1185. Roeberson Bureau of Mines Tungsten Program. Ref.1169, p.1. (Production

of ultra=pure W),

1186, RBV Ltd. French patent 1.146.021. (Reduction of WO, in dispersed phase).
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1187, Bureau of “Soft’ Tungsten Mystifies. Chemical and Engineering News.
Mines Vol.38, No.l, 1960, p. 40.

1187a. Sherwood Ref. 985a.

1187b. Nieberlein High Purity W by Fluoride Reduction. (US) Bureau of Mines
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4.4 Sintering, Melting, Fabrication

1188. Barth The Fabrication of Tungsten. DMIC Report 115, 14/8/59. (p.4:

p.16 : sintering-melting-casting - p.26 : primary and secondary
working).

1189. Smithells Ref.529, pp.89-117,
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Arc Melting and Fabrication of Tungsten. Ref,1169, p.53
(TAIME, April 1960, p.256).

1193, Klodt The Effect of Selected Rare Earth Additions on the Removal of
Interstitials. Ref.1169, p.65. (See University of Denver
Report NASWS, 8 May 1959).

1194, Jones Practical Aspects of Sintering Tungsten and Molybdenum.
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1195, Sell Compacted Tungsten Pouder. AIME Conference, Chicago, 4 Nov.
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1206f. Lamarche Vacuum Arc Melting of W and W-Mo Alloys. Ref.943n.

1206g. Lamarche Vacuum Arc Skull Casting of W and Mo. Ref,943n,

4.5 Physical Properties
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Thermal Conductivities of Tungsten and Molybdenum at Incandes-
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US Naval Research Laboratory, 17/6/58, May 1959 (Coefficient
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4.6 Mechanical Properties - Unalloyed Metal
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1215, Green

1216. Harmon

1222, Stanford
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Institute

Flow and Fracture Characteristics of Annealed W. TASM, 1954,
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The Annealing of Worked Tungsten. JLCM, April 1960, p.163.

Short=Time Creep Rupture of W at 2,250 to 2,800°C. TAIME,
Dec. 1959, p. 1057,

Mechanical Properties of W. AIME Conference, Chicago,
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brittle transition as a function of fabrication processes).

The Effects of Temperature on the Properties of Tungsten.
US Air Force Special Weapons Center - Project 8805, Mar,1 1959.
Contract AF 29 (601) - (1589).

Deformation Behaviour of Zone-Melted W Single Crystals. AIME

Conference, Chicago, 2 Nov.1959.

Elevated Temperature Strength Properties of Tungsten. AIME
Conference, Chicago, 2 Nov, 1959, (2000-2500°F)(1090-1370°C),

Tensile and Creep Properties of W at Elevated Temperature.
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Annealing of Point Defects in Cold-Worked W. TAIME, Feb.1960,p. 82,
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4.7 Mechanical Properties - Alloys
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Research
Institute
1244, Geach Properties of Alloys W=Re. Proceedings, Plansee Seminar,
Métallwerk Plansee, Reutte, Tyrol, 1855, p.245.
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